oys. 

e emallest graduated division is 0.001 cc. and enters’ 


is dispersed throughout the solution. 

Has Accuracy of | 

* The Rehberg Burette need but be rinsed with distill 


‘water in changing from one standard to another since the, 
mereury forces out all traces of the previous standard, 


of 11 114, 449 (1936) 
| Journal, 19, 270 (1925) 
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CHEMICAL COMPOSITION OF THE BLOOD OF THE HEN 
DURING ITS LIFE CYCLE 


By V. G. HELLER ann LEE PURSELL 


(From the Department of Agricultural Chemistry Research, Oklahoma 
Agricultural Experiment Station, Stillwater) 


(Received for publication, January 11, 1937) 


Previous publications from this laboratory have reported that 
the total phosphorus as well as certain organic and inorganic 
fractions found in cells and serum changed with the age of the 
hen, especially at the time of egg production and at the molting 
season (1). Similar studies of the calcium distribution demon- 
strated that there were also changes in certain fractions of the 
calcium at corresponding periods in the life cycle of the hen. 
This phenomenon, which has not been observed in mammals, 
suggested that there might be changes in other chemical con- 
stituents of the blood of the fowl. An investigation of the litera- 
ture failed to reveal any complete studies which might be used for 
comparisons. Many isolated reports gave certain components 
without reporting methods, age or breed of hen, or the ration 
being consumed, or whether or not the hen was laying. Karr and 
Lewis (2) referred to the urea distribution. Scheunert and 
Pelehrzim (3) compared the sugar, nitrogen, creatinine, and uric 
acid of the hen with other animals. Pupilli (4) gave the average 
uric acid and urea content of the blood of the hen. Hayden and 
Fish (5) gave the average finding for certain constituents at given 
ages of a definitely named breed of fowl, while the most complete 
report by Dyer and Roe (6), which appeared during the progress 
of this investigation, gave more complete data but no informa- 
tion in regard to life evecle changes. Table I gives the findings 
for a known variety of chickens at a definite age and eating a 
definite ration throughout their cycle. Any changes that might 
have occurred at the time of egg production and period of molt- 
ing were carefully observed. 
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Composition of Blood of Hen 


Ave 


1934 


1. May 


2. June 


3. July 


) 
4. Aug. 


Sept. 


6. Oct. 


7. Nov. 


8. Dee. 


1985 
10. Feb. 


11. Mar. 


12. Apr. 


13. May 


14. June 


15. July 


17. Sept. 


18. Oct. 


19, Nov. 


20. Dec. 


1936 


Jan. 


OO 


bo 


to 


we 


L., laying; N., non-laying. 


Urea N 
Non-protein 


94.64.01. 
6261.01 


Creatinine 


30.42.00.5 

12.91. 

43.10. 
90 52.9.1.2 
80.57.1.0.! 
10'43.7)1. 
20 60.1 
83.48.81.5 


TABLE | 
Analysis of Chicken Blood 


Me. per 100 ce. 


Uric acid 


16, 


56 


Glueose 


337. 393 
354 406 
348 395) 
364 418 
352) 408 
355) 417 
340, 392. 
341 390 
344, 385! 
340) 407) 
349 352 
352 
333) 
337, 401 
342) 391 
339 380. 
342) 376 
335, 392 
341) 387 
339 395 
| 


Cell chloride 


175 14 
173 14 
199 14 
910 14 
188 14. 
170 14 
15214. 


Total solids 


| Refrac- 

tive 

index 

3 

41.06 1.3426 
G'1.13) 1.3437 
2.1.06) 1.3435 
91.15} 1.3434 
90.77 1.3440 
00.91 1.3452 
60.92 1.3455 


150 14.20.90, 1.3450 
174/14. 210.98 1.3471 
160 16.10.87 1.3480 
177 20.70.92, 1.3456 
1.3495 

165 18.50.95 1.3506 
172:16.5.0.92) 1.3498 
161/19.7' | 1.3463 
| 1.3521 
19.21.02 1.3517 
17.10.97) 1.3539 
18.50.84) 1.3537 
18.10.85, 1.3479 
164 15.70.87) 1.3458 
00.82 1.3418 


182 17. 


162 16. 
187 17. 


| 


50. 


89) 1.3502 
1.3452 


4 
, 4 
a 
a 
4 
| 
|| 
7. 
a 
1. 29.4.80) 231 | 
3. 14/35.8)1. 11/4. 18) 244 | 
| ? 62:49. 511.36,4.72) 235 
93146. 1)1.20)4.25; 252 
4 3.06/47 .2'1.34:4.67) 227 
28/48. 511. 204.13! 211 | 
i 
| | 
|. 53138. 5)1.44/3.25! 212 
| | 227 
88 49.3.1.493.88 233 
20 44.6.0.987.61. 204 
4 10,36.61.276.88 212 
40. 41.91.055.10 196 
| 50 33.5.0.92.6.01) 189 
1043.51.10 4.76) 185 
15.48 176 
192 
; 
) 3.67, 186 | 
¥5.80 184 
16.56 191 | 
i 4 17] 
| 6.30) 205 | 
5.96) 1384 | 
| 56.45.71.654.88 183 
| 217 
56'62.111.53 4. 36 190) 
| 
065.M 213 
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TABLE I—Concluded 


Mg. per 100 cc. | 
| 
3/8) | | inde 
L. | 22. Feb. |1.67/5.44| 197 
N. 4.97; —|1.50/3.73} 202' 
L. | 23. Mar. 102 | | 
N. 3.82/60.61.1314.46 219 
24. Apr. 4.02 33.60.93 4.04 
N. 208, | 
25. May 3.22 28.00.924.51 181 350 408 165.17.70.81) 1.3482 
N. 3.73 59.2.0.916.06) 199) 346, 392 172 16.40.73, 1.3494 
L. 26. June 3.9246.3 1.095.30 
N. 170) | | | | 
27. July 191, 380, 170 15.6|0.89) 1.3479 
N. 4.66 40.61.155.00) 177) 342) 376 182.16.10.93 1.3418 


EXPERIMENTAL 


The chickens used were Rhode Island Reds, hatched in an 
incubator, reared for 1 month in a brooder, and transferred to a 
graveled vard. From this lot, 50 baby pullets were selected and 
fed a mash composed of 200 parts of bran, 100 parts each of yel- 
low corn-meal, oats, and shorts, 75 parts of meat scraps, 50 parts 
of alfalfa leaf meal, 40 parts of cottonseed meal, 15 parts of dried 
buttermilk, 12 parts of bone meal, and 6 parts of salt. A little 
green feed was added daily. ‘These data were needed for pur- 
poses of comparisons. ‘Therefore, it was thought best not to fast 
the chickens previous to taking the blood samples, but to set up 
standards under normal conditions. At approximately monthly 
intervals, during a 2 year period, blood was drawn by heart 
puncture, early in the morning, from at least five of the chickens. 
The samples were delivered in iced containers, pooled, and ana- 
lyzed. The data in Table I represent the average of from two 
to five analyses of such samples. The methods of determining 
the phosphorus and calcium distributions in the cell plasma or 
serum and the results obtained are omitted in this article, as they 
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were found to be similar to the data previously reported (1), 
The non-protein nitrogen and creatinine were determined by the 
method of Folin and Wu (7); urea according to Folin and Sved- 
berg (8); uric acid, Folin (9); glucose, Folin and Wu (10); 
chlorides, Whitehorn (11); sodium, Butler and Tuthill (12); 
and the solids, ash, and refractive indices by regularly accepted 
methods. 
DISCUSSION 

An analysis of the data presented in Table I demonstrates that 
there are no striking changes in any of these blood constituents 
at any time, such as was reported to be true in the previous 
studies for both the organic and inorganic fraction of the calcium 
and phosphorus of the cells and plasma. 

There are minor changes in some compounds as the chicken 
matures that may represent significant changes in the regularity 
of their occurrence. Urea nitrogen and the non-protein nitrogen 
are practically the same irrespective of age. The urea nitrogen 
is less, and the total nitrogen and uric acid more than were re- 
ported by Hayden and Fish (5), and compare more favorably 
with those of Dyer and Roe (6). The urea nitrogen is always 
lower than the usual figure reported for domestic animals. The 
creatinine is quite constant and compares favorably with that of 
other animals. Uric acid seems to be independent of age, the 
variation probably depending upon the food intake. The glucose 
decreased somewhat with the age of the hen. No regular differ- 
ence between laying and non-laying was found. The amount 
was always far in excess of that reported by Hayden and Fish 
(5), and slightly above that presented by Burrows, Fritz, and 
Titus (13). 

The determinations for the total solids, ash, sodium, chlorides 
in cells and plasma, and the refractive index of the serum, show 
only small daily variations, as have been noted for other animals 
in this laboratory. Obviously, the only striking changes are to 
be found in the calcium and phosphorus fractions and these 
factors have undoubtedly been developed in the course of the 
evolution of the hen to provide for the unusual burden placed 
upon it at the time of egg production. 
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SUMMARY 


1. No significant changes were noted in any of the constituents 
determined during the first 2 years of the hen’s life. 

2. Urea is lower, uric acid and glucose higher, while other 
constituents resemble the percentages found in the blood of other 
domestic animals. 
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SUBSTANCES WHICH INHIBIT COLOR DEVELOPMENT 
IN THE SULLIVAN METHOD FOR CYSTINE* 


By JAMES ANDREWS ann KATHLEEN CRANDALL ANDREWS 
(From the Department of Physiological Chemistry, School of Medicine, 
University of Pennsylvania, Philadelphia) 


(Received for publication, November 12, 1936) 


The very useful method devised by Sullivan (1-4) for the de- 
termination of free cystine has been widely used for some years 
and ranks as the most specific method known for the purpose. 
For this reason whenever the results obtained by it on biological 

aterials have been lower than those of other procedures, the 
conclusion has usually been drawn that the sample under investi- 
gation contained other disulfide compounds besides free cystine 
and that, whereas such methods as that developed by Folin 
and Marenz (5) gave the sum of all disulfide and sulfhydryl 
compounds, the Sullivan method could be relied on to give an 
accurate measure of the free amino acid only. However, during 
the past few vears various workers have criticized the accuracy 
of the results obtained by the original Sullivan technique and 
have suggested various modifications. Among such studies may 
be cited those of Lugg (6) and Rossouw and Wilken-Jorden (7). 
Zahnd and Clarke (8) have observed failure on the part of the 
cystine extracted by butyl aleohol to give the Sullivan reaction. 
This failure was later explained as being due to the presence of 
aldehydes (9). Meldrum and Dixon (10) have reported inhibition 
of the Sullivan reaction in the presence of reduced glutathione. 
Their results were confirmed by Sullivan and Hess (11) who ree- 
ommended certain changes in the reagents used (an increase 
in the amount of both cyanide and naphthoquinone) as a means 
of overcoming this difficulty. In a reeent paper Lee (12) eriti- 

* A preliminary report of this work was presented at the Thirtieth meet- 
ing of the American Society of Biological Chemists at Washington, March 
25-28, 1936 (Proc. Am. Soc. Biol. Chem., 8, iv (1936); J. Biol. Chem., 114 
(1936) ). 
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cized the results obtained by the original Sullivan method on 
casein hydrolysates and reported more satisfactory results by 
the Lugg modification, in which the final solution is more highly 
buffered. Furthermore, a cystinuric dog urine has been reported 
by Green et al. (13) in which no Sullivan color could be obtained 
until the cystine had been separated by the cuprous mercaptide 
method (14). The effect of homocystine in depressing color 
formation in the Sullivan method (but not in the Lugg modifiea- 
tion) has been reported by both Brand et al. (15) and by Lewis, 
Brown, and White (16). It should be noted, however, that 
Sullivan and Hess (4) fail to confirm this finding. Thus there has 
been considerable accumulation of evidence that certain sub- 
stances can interfere with the development of color in this 
method. Such interference was mentioned by Sullivan (1) on 
the part of such compounds as pyrogallol, hydroquinone, etce., 
because the colors produced by these substances in the method 
are not discharged by sodium hydrosulfite. He also stated in 
this paper that hydrogen sulfide interferes with color develop- 
ment and advanced as an explanation a reduction of the dye, in 
spite of the large excess in which the latter is used. The criterion 
of interference used by Sullivan with regard to most substances 
(except H.S) appears to have been the formation of an extraneous 
color which was not discharged by hydrosulfite and which there- 
fore might produce high results. In a later paper (3) he stated 
‘The presence of reducing material, such as H2S, is to be avoided, 
since it interferes with the progress of the color reaction.”’ How- 
ever, the type of interference by which such a compound would 
greatly reduce the color given by a certain amount of cystine 
seems to have received little consideration. Brand, Harris, and 
Biloon (17) in a paper on cystinuria pointed out that the appar- 
ent cystine content of freshly passed cystinurie urines, as deter- 
mined by the Sullivan method, rose as the sample stood exposed 
to the air and gradually reached a moderately constant value. 
This phenomenon was attributed by Brand and coworkers to the 
excretion of a complex (possibly a peptide) of cystine to which 
the Sullivan method would not respond and which quickly hydro- 
lyzed to produce an additional amount of free cystine. Similar 
observations were reported by Hickmans and Smallwood (18). 
Andrews and Randall (19), while confirming this observation on 
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eystinuric urines, suggested that some influence on the Sullivan 
reaction might be responsible for this drift in the cystine value. 
A similar suspicion was voiced by Brand, Cahill, and Block (15) 
who suggested as one possibility that ascorbic acid (vitamin C) 
in the urine might interfere with color development in this method 
and that its oxidation, as the sample stood exposed to air, would 
result in gradual removal of the inhibitory effect and produce 
higher cystine values. A recent communication by Brand et al. 
(20) reports that both thioglyeolic and dithioglycolic acids 
markedly depress color formation in both the Sullivan and Lugg- 
Sullivan reactions. 

The procedure used by Brand and coworkers in running Sulli- 
van determinations on urine (17) is practically that originally 
recommended by Sullivan. Similar conditions were employed by 
Csonka (21) for the determination of cystine in glutelin hydrol- 
ysates. The technique outlined by Brand and coworkers has 
been very generally used by other workers as being the most 
concise and convenient set of directions available. The exact 
timing of the reaction has received considerable attention. This 
is particularly true of the stage between addition of the naphtho- 
quinone and of the sodium sulfite solution. Sullivan (3) recom- 
mended 10 seconds shaking between these two reagents, while in 
the method as described by Brand, Harris, and Biloon it ismerely 
specified that the sodium sulfite solution should be added ‘‘im- 
mediately’? and “fas quickly as possible.’’ The studies of Ros- 
souw and Wilken-Jorden (7) emphasize the fact that, if “im- 
mediate’’ addition means within less than 5 or 10 seconds, highly 
variable amounts of color can result. When (on a 25 ml. basis) 
2 ml. of 5 per cent sodium cyanide are used, it would appear from 
Rossouw and Wilken-Jorden’s curves that a 20 second interval at 
this point would give a maximum color and be a safer procedure. 
We have accordingly used an interval of 20 seconds in our work. 
Otherwise, our procedure has been that described by Brand, 
Harris, and Biloon (17). 

A few preliminary experiments in which varying amounts of 
ascorbic acid were added to samples of cystinuric urine showed 
that comparatively small amounts (a few mg. per cent) completely 
inhibited color formation by the Sullivan method (Brand modifi- 
cation). Furthermore, by aerating the sample at room tempera- 
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ture for 1 or 2 days the ascorbie acid was oxidized to such an 
extent that the sample again gave a Sullivan color practically 
equal to that originally produced. To apply the test in the 
opposite way, we added free cystine to a freshly voided sample of 
normal urine and compared the resulting Sullivan values for its 
cystine content when determined at once and after aerating. The 
determination run at once gave values of only about 22 per cent 
of the amount of cystine added. 24 hours aeration raised this to 
76 per cent and 24 hours more aeration raised it to 80 per cent. 
It is clear therefore that we are not dealing with any cystine com- 
plex, since in the latter case free cystine itself was added. More- 
over, the amounts of ascorbic acid normally present in fresh 
urines are ample for interference with the development of color 
in the Sullivan method as it has been used in the past. Similar 
effects with ascorbic acid have been reported by Brand, Cahill, 
and Block (15). 

These results impelled us to examine a variety of other reducing 
substances for their ability to interfere with the method. The 
procedure employed consisted in placing constant amounts of 
cystine in a series of flasks and adding the same reagents to each 
plus either the solution of the substance to be tested or, for the 
standard, an equal volume of water. The standard was set at 
20.0 mm. in the colorimeter and the other solutions matched 
against it. It was found convenient to make up the solutions in 
volumetric flasks to 100 ml. instead of the 25 ml. used by Brand 
and others. The procedure used was therefore as follows: 2.0 
ml. (8.0 mg.) of cystine in 0.1 N HCI]; 25.0 ml. of inhibitor solu- 
tion (or water); 10.0 ml. of 5 per cent aqueous sodium cyanide, 
10 minutes standing; 4.0 ml. of 0.5 per cent sodium B-naphtho- 
quinone-4-sulfonate, 20 seconds standing; 40.0 ml. of 5 per cent 
anhydrous sodium sulfite in 0.5 N sodium hydroxide, 30 minutes 
standing (in the dark); 4.0 ml. of 2 per cent sodium hydrosulfite 
in 0.5 per cent sodium hydroxide; 0.5 N sodium hydroxide to 
volume (100 ml.). 

The solutions were read at once after being mixed. In reading 
these solutions we have found it advantageous to employ in the 
eyepiece of the colorimeter a Wratten filter (Eastman Kodak 
Company) No. 62 with maximum transmission at wave-length 
530 mu. By its use the accuracy of readings in Sullivan determi- 
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nations of cystine is much enhanced. Nearly 100 substances 
were examined in this way for their ability to inhibit the develop- 
ment of color. ‘These included a wide variety of organic sub- 
stances, but it soon became evident that only those having 
reducing properties were active inhibitors. The most active 
were adrenalin, ascorbic acid, the various photographie develop- 
ers, tannic acid, hydrogen sulfide, and certain cyclic cystine 
derivatives, the most active of which was cystine hydantoin. The 
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Fic. 1. Inhibitive effeet on color development in the Sullivan method 
for cystine of cystine hydantoin, Curve I; adrenalin, Curve II; hydro- 
quinone, Curve III; tannic acid, Curve IV; pyrogallol, Curve V; diamido- 
phenol, Curve VI; hydrogen sulfide, Curve VII; ascorbic acid, Curve VIII. 


ability of some of these compounds to change the colorimeter 
reading obtained from constant amounts of cystine by the method 
deseribed above is shown in Fig. 1. In this figure the amount of 
inhibitor in each 100 ml. determination containing 8.0 mg. of 
eystine is plotted in hundredths of a mm. It is obvious that 
comparatively small amounts of these inhibitors suffice to produce 
very erroneous figures for the cystine content of the, solution. 
In conducting these tests, various samples of the same inhibitor 
from different sources were taken. For example, in the case of 
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adrenalin three different preparations (one of the hydrochloride, 
one of the bitartrate, and one of the free base) were used. In 
the tests on cystine hydantoin two samples made by the cyanate 
method and one prepared from urea all gave identical results, 

A number of other substances were found, chiefly among the 
milder reducing agents, which when present in larger quantities 
materially affect the method. These include the simple alde- 
hydes, sugars, and sugar derivatives such as glyeuronic acid and 
some of their conjugation products.' Fig. 2 shows the curves of 
a number of these substances again plotted in millimolar terms 
except that the abscisse are expressed in mM instead of hun- 
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SUBSTANCE 

Kic. 2. Inhibitive effect on color development in the Sullivan method 

for cystine of fructose, Curve I; maltose, Curve II; galactose, Curve III; 
glucose, Curve IV; arabinose, Curve V; formaldehyde, Curve VI. 


dredths of a mm. The amounts plotted in Fig. 2 are therefore 
100 times greater than those in Fig. 1. 

The curve produced by hydrogen sulfide (lig. 1) is significant. 
The Sullivan method has often been applied to sulfur compounds 
so unstable that under the alkaline conditions of the method 
sulfides are easily split off. Cystine hydantoin is such a sub- 
stance and its great effectiveness as an inhibitor is no doubt 
due to the ease with which it loses hydrogen sulfide as well as 
to the fact that the resulting hydantoin ring also has an inhibitive 
effect. It is evident that, with either hydrogen sulfide or any 


' Kindly furnished by Dr. Armand J. Quick. 
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potential producer of the same present, a reliable measure of the 
free cystine content is not to be expected. The effect of sulfides, 
although mentioned in Sullivan’s early papers (see above), appears 
to have been lost sight of (22). 

A number of samples of freshly excreted normal urine from 
different subjects have been examined for inhibitive properties 
in the Sullivan reaction. We have, in all cases, found a degree 
of inhibition far larger than that accounted for by the ascorbic 
acid content alone, as indicated by indophenol titration. It 
appears that freshly excreted urine contains some substance or 
substances besides ascorbic acid of strong reducing properties. 
The unknown substance can be oxidized by aeration and can be 
completely removed by decolorizing carbon. The amounts of 
such reducing substances as the sugars in normal urines are 
far too small to account for these effects. 

The recognition of this ability of reducing agents to produce 
low cystine values by the Sullivan method is of particular signifi- 
cance when compared with the results given by the Folin phos- 
photungstic method on similar materials. Sullivan and Hess 
(23) discuss at length the relative figures for the cystine content 
of different proteins as determined by the Sullivan and Folin 
colorimetric methods. The same question arises later (24) in 
connection with measurements of the rate of absorption of cystine 
from the gastrointestinal tract of the white rat. In this latter 
case determinations of unabsorbed cystine in the intestine of the 
rat gave different results by the two methods and, therefore, 
produced quite widely differing absorption rates. Determina- 
tions made by the Okuda bromate titration gave results inter- 
mediate between those of the Sullivan and the Folin methods but 
considerably closer to the Sullivan figures. In both of these 
discussions there is ample realization of the fact that other re- 
ducing substances than cysteine (even non-sulfur reducers) are 
capable of reducing the Folin reagent and that results by this 
method are very likely to be higher than those justified by the 
cystine content alone. However, although the rdle of reducing 
agents in raising the results of the Folin determination has been 
fully recognized, similar recognition of this réle in lowering the 
results of the Sullivan determination seems to have been almost 
entirely lacking. It appears therefore that in such materials 
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the true cystine content is represented by neither the results 
of the one nor the other but lies somewhere between and that 
the higher the content of extraneous reducing materials the 
greater will be this magnified divergence between the results of 
the two methods. As an isolated example of inhibitory effect on 
the Sullivan method by a partial protein hydrolysate the fol- 
lowing may be mentioned: A proteose-peptone mixture, resulting 
from partial hydrolysis of human hair by sulfuric acid, was tested 
as described above. 20 mg. of this mixture changed the color- 
imeter reading from 20.0 to 23.5 and 50 mg. changed the reading 
to 27.5. This solution contained no free amino acids. Addition 
of larger amounts of alkali than those used in the method as 
described above did not change the results. It is evident that 
such an effect cannot be attributed to the buffering capacity of 
the solution. 

The above criticisms apply to the results yielded by the method 
as it has been used by most investigators for some years. It 
is obvious that any modifications which would remove such 
interference would greatly increase the usefulness of the method. 
The modified procedure recommended by Lugg (6) has been tested 
in the presence of some of the most active inhibitors listed above 
with the result that less interference has been encountered than 
in the original Sullivan procedure. The slope of the inhibition 
curves obtained by the Lugg modification is about one-half that 
shown in Fig. 1 for some of the substances tested. However, the 
greater complexity of the Lugg method as well as the fact that the 
color produced is much lighter than that from the same amount 
of cystine in the original Sullivan method makes its employment 
somewhat questionable. It should be noted that Lugg reports 
interference with color development in the presence of large 
amounts of certain other amino acids and ascribes this inter- 
ference to their buffering capacity. Although we have confirmed 
his observations in this regard, we find that these effects are much 
slighter than those we have encountered with ascorbic acid and 
other substances shown in Fig. 1. It is also evident, from the 
variety of structures of substances which we have found to inter- 
fere, that buffer capacity cannot be the explanation of our results. 
The only property which our various inhibitors have in common 
is their reducing property. 
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Our results with ascorbic acid, obtained as described above, 
have been confirmed by Dr. M. X. Sullivan (private communi- 
eation) who has kindly made some suggestions for overcoming 
these inhibitory effects. One such suggestion was that of using 
increased amounts of the naphthoquinone, since there might 
conceivably be some competition for the naphthoquinone be- 
tween the cystine and the inhibitor. In view of the molar ratios 
involved this seems hardly likely. In a flask containing 8.0 mg. 
of cystine, 1.0 mg. of ascorbic acid, and 4 ml. of 0.5 per cent 
naphthoquinone the molar ratios (in the above order) are 
5.8:1:13.5. This excess of the naphthoquinone would seem 
adequate but we have nevertheless run a series of tests in which 
the amount of naphthoquinone was varied while all other constit- 
uents remained the same as in the standard procedure outlined 
above. The results indicate that an increase in the amount of 
naphthoquinone (up to about 6 ml. of the 0.5 per cent solution) 
produces not an increase but a decrease in the resulting color. 
This anomalous fact has already been reported by Lugg (6). It 
would seem that no advantage results from increase in the pro- 
portion of naphthoquinone. ‘The same result has been obtained 
in the presence of constant amounts of ascorbic acid. 

As a further means of preventing such interference Sullivan and 
Hess (4) have suggested the use of 5 per cent sodium cyanide 
dissolved in 1.0 N sodium hydroxide instead of the aqueous 5 
per cent sodium cyanide usually used. We find that the addi- 
tion of the alkaline cyanide to the list of changed conditions 
produces very much more satisfactory results. The effect of the 
alkaline cyanide on the slope of the inhibition curves is shown in 
Figs. 3 to 5 for adrenalin, ascorbic acid, and tannic acid respee- 
tively. It is evident that, while color inhibition is still not 
absent, its effect is decidedly minimized. ‘This is especially true 
of ascorbic acid, because of the flattening of the curve produced. 

We have also investigated the effect of using the sodium 
eyanide in 2.0 N sodium hydroxide, curves for which are included 
in Figs. 3 to 5. The resulting curve is again flatter, although the 
improvement over the results obtained with 1.0 N sodium hy- 
droxide is not great. In fact, with adrenalin the curves ob- 
tained with cyanide in 1.0 N and 2.0 N sodium hydroxide were 
practically coincident. We have also used conditions in which 
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Fic. 3. Inhibitive effect of adrenalin on color development in the 
Sullivan method for cystine. The reduction of cystine effected by aqueous 
sodium cyanide, Curve I; sodium cyanide in 1.0 N sodium hydroxide, Curve 
Il; sodium cyanide in 2.0 N sodium hydroxide, Curve III. 
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Fig. 4. Inhibitive effect of ascorbic acid on color development in the 
Sullivan method for cystine. The reduction of cystine effected by aqueous 
sodium cyanide, Curve I; sodium cyanide in 1.0 N sodium hydroxide, Curve 
Il; sodium cyanide in 2.0 nN sodium hydroxide, Curve III. 
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not only the sodium cyanide but all subsequently used reagents 
were dissolved in 2.0 N sodium hydroxide but have found no 
improvement in the slope of these curves. 

A series of experiments was made in which we have measured 
the effect of increased amounts of naphthoquinone solution when 
the recently modified conditions of Sullivan and Hess (4) were 
used. ‘The results indicate that the decrease in color observed 
with increased amounts of naphthoquinone, when the modifi- 
eation of Brand, Harris, and Biloon (17) is used (see above), is 
no longer observed. 
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Fic. 5. Inhibitive effeet of tannic acid on color development in the 
Sullivan method for cystine. The reduction of cystine effected by aqueous 
sodium evanide, Curve 1; sodium eyanide in 1.0 N sodium hydroxide, Curve 
II; sodium cyanide in 2.0 N sodium hydroxide, Curve ITI. 


The experiments described above indicate that a variety of 
reducing substances produce low results, if the original Sullivan 
procedure is used. Since the method in this form has been 
widely used for some years, it seems appropriate to regard with 
suspicion many such figures now on record, especially those re- 
sults, obtained by the Sullivan and the Folin methods, which 
show wide discrepancies. The modification recently proposed 
by Sullivan and Hess (4) has the merit of minimizing this inter- 
ference to the point where the ordinary content of ascorbie acid 
in urine does not interfere with the cystine determination. How- 
ever, we have found that even under these conditions freshly 
passed urine samples, in contrast to 24 hour samples, still cause a 
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marked diminution in the color obtained from constant amounts 
of cystine. Addition of 25 ml. of freshly passed urine to the 
standard 100 ml. determination described above (containing 8.0 
mg. of cystine) has consistently produced readings indicating 
only from 60 to 70 per cent of the cystine actually present. This 
same result has been obtained from a number of different subjects. 
This may be taken to indicate the presence of some urinary 
constituent of such a reducing potential that even the modified 
conditions are unable to cope with it. It must therefore be 
emphasized that special care should always be taken in the em- 
ployment of the Sullivan method that no such inhibitors are pres- 
ent. Oxidation of such bodies by aeration before the cystine 
determination is recommended, and any increase in the apparent 
cystine content over that obtained without aeration should be 
regarded as cause for suspicion. In the presence of objectionable 
amounts of inhibitors which are not susceptible to atmospheric 
oxidation, the procedure by which the cystine is separated as the 
ecuprous mercaptide, followed by liberation and colorimetric 
estimation of the free cysteine (13, 14), is to be recommended. 


SUMMARY 


The Sullivan method for the determination of cystine in bio- 
logical fluids produces low results in the presence of many re- 
ducing agents. Among these may be mentioned ascorbic acid, 
adrenalin, the photographic developers, hydrogen sulfide, and 
compounds producing sulfides under alkaline conditions. Alde- 
hydes and simple sugars also inhibit color development in the 
Sullivan method, but larger amounts of these are required. 

Failure to recognize this interference can result in erroneous 
figures for cystine content of various materials when such reducing 
substances are present in sufficient amount. ‘This is particularly 
exemplified in the case of fresh urine samples which contain as- 
corbic acid and other substances which inhibit color formation 
in the Sullivan method. 

A modification of the method, proposed by Sullivan, in which 
alkaline instead of aqueous sodium cyanide is used decidedly 
minimizes this interference but does not completely remove it. 

Recommendations are made as to further means of avoiding 
such interference. 
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THE LIPID AND MINERAL DISTRIBUTION OF THE 
SERUM AND ERYTHROCYTES IN THE HEMO- 
LYTIC AND HYPOCHROMIC ANEMIAS 
OF CHILDHOOD* 


By BETTY NIMS ERICKSON, HAROLD H. WILLIAMS, FRANCES 
COPE HUMMEL, PEARL LEE, ann ICIE G. MACY 
(From the Research Laboratory of the Children’s Fund of Michigan and the 
Children’s Hospital of Michigan, Detroit) 


(Received for publication, January 19, 1937) 


The hemolytic anemias of early childhood, congenital hemolytic 
icterus, sickle cell, and-erythroblastic, present not only clinical 
and hematological problems to the medical profession but also 
physicochemical ones to the biochemist and physiologist. The 
latter are especially concerned with the structure and function of 
the erythrocyte and cellular structure in general, particularly as 
they are related to growth and development, as pointed out in a 
preceding paper (1). These blood dyscrasias demonstrate anom- 
alies in the production and destruction of erythrocytes as signified 
by abnormal red blood cells characteristic of each type of anemia 
(2). Defects in structure are indicated by the vulnerable spherical 
cell in hemolytic icterus (3, 4); the unique ability of the erythro- 
eyte in sicklemia,’ both with and without anenua, to assume the 
bizarre, thinned sickled forms under certain conditions (5, 6); the 
presence of erythroblasts and of mature cells with uneven distribu- 
tion of hemoglobin in erythroblastic anemia (7-9); and the small 

* Presented before the American Society of Biological Chemists at its 
Twenty-ninth annual meeting at Detroit, April 10-13, 1935 (Erickson, 
B.N., Cope, F., Sternberger, H. R., Lee, P., Cooley, T. B., and Macy, I. G., 
Proc. Am. Soc. Biol. Chem., 8, xxx (1935); J. Biol. Chem., 109 (1935)). 

1 Sicklemia is the term applied to the hematological anomaly in which 
the erythrocytes assume a sickle-like or crescentic shape im vitro under 
certain physical conditions. Sicklemia is manifested both without any 
accompanying clinical debilities and in sickle cell anemia which is char- 
acterized by distinct hematological and clinical symptoms. 
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cell with deficient hemoglobin in hypochromic anemia (10). The 
chief clinical characteristics of the different types of anemia 
eoncerned herein are summarized in Table I. 

The hereditary anemias of childhood, characterized by extreme 
abnormalities in shape, size, weight, and fragility of the erythro- 
eyte, offer opportunities for studying corpuscular structure and 
function by simultaneous hematological, physical, and chemical 
observations on the cells and plasma. Inasmuch as the red blood 
cell may reflect the character of the parent tissue, such interrelated 
data during the course of the anemia may contribute pertinent 
information on the inherent defects in the activity and develop- 
ment of the hematopoietic system. Furthermore, such data may 
have clinical value. 

The present study has been focused upon the concentration of 
the lipids, electrolytes, and protein in the erythrocytes and plasma, 
since the structure and function of the cell are dependent on these 
constituents and their synergism. 

The analyses included sodium, potassium, chloride, nitrogen, and 
the complete lipid distribution in both cells and plasma. The 
chemical studies were accompanied by comprehensive hemato- 
logical and certain physical observations on the erythrocytes such 
as cell volume, weight, diameter, thickness, specific gravity, water 
content, and resistance to hemolysis against saponin and hypotonic 
sodium chloride solutions. The lpid and mineral composition 
representative of an average single erythrocyte have been calcu- 
lated as a more direct means of studying the relationship between 


9 


its chemical and hematological properties.* 
Methods 


The hematological and physicochemical observations together 
with determinations of minerals and lipids in the serum and cells 
were carried out by the procedures described in the preceding paper 
on normal children (1). 


? The authors wish to thank Dr. D. D. Van Slyke for so kindly accepting 
one of us (B.N.E.) in his laboratory to learn the gasometric lipid methods, 
and for his ready and helpful suggestions when advice has been sought 
concerning problems arising in the course of the study. We are grateful 
also to Dr. Erie Ponder for his advice at the beginning of the study in 
setting up methods for corpuscular measurements and physicochemical 
studies. 
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| 
Observation Date 

Norma! children | 
(average of 26 | 
studies) | 
Sicklemia* 

Anemia Apr. 29, 1936 

| Mar. 18, 1935 

| May 10, 1935 

| Oct. 5, 1936 

June 16. 1986 

Feb. 18, 1935 

28, 1935 

Nov. 22. 1934 


Oct. 6, 1936 


Average 


Treated by sple- | Dec. 10, 1934 
nectomy | 

Jan. 31, 1935 

Average 
Without anemia Mar. 28, 1935 
26, 1935 
Apr. 17, 1935 

Average 
Erythroblastic Keb. 10, 1936 
Dec. 13, 1935 

Average 


Treated by sple- | Nov. 26, 1934 


nectomy 


May 2, 
Average 


Subject 


ae W. 


MM. 


N. B. 


M. 


| M. 


* See foot-note 1. +t Age measured in months. 
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yrs. 


ay 


Red blood cells 


IIl--Hematological Observasj 
The subjects within each group of anemia are arranged according to the severity 
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Tvationktmolytic and H ypochromic Anemias of Childhood 
rity diemia; 1.€-, red cell count and hemoglobin. 


globin Corpuscular measurements Resistance 
leg | | saponin 
micro. | micro- per per micro- | micro- 
micro- cent | cent | grams | grams 
grams grams 
28 be 94 | 7.2 2.13.4 | 1.17| 0.41/ 0.27) 10 | 43 
26 105 | 8.6, 1.7) 5.0 | 0.76) 0.50/ 0.16} 10 | 50 
28 fb 123 0.32} 0.10) 12 | 33 
35 97 | 8.2) 1.7 4.8 | 0.83) 0.32) 0.09' 12 | 40 
30 |B 94 | 8.1) 1.8) 4.8 | 0.86 | | 
26 & 100 | 7.9 2.0 4.0} 1.16 0 0. 22) 
| | 
36 109 0.30) 0.08 
27 B&B 92 | | 0.32} 0.08} 11 67 
33 81 0.421 0.10: 9 | 33 
25 71 | 8.3) 1.3, 6.3 | 0.61 | 
97 8.2 1.7 5.0 | 0.84 0.37/0.10 11 465 
23 81 | | 0.44) 0.08) 14 | 40 
34 B95 | | | 0.28} 0.041 11 | 33 
29 87 | | 0.360.06 12 37 
29 81 | | 0.38) 0.20) 13 59 
28 85 | 0.38} 0.22} 11 50 
29 | | | 0.36) 0.22) 11 40 
| | | | 
| 
| 0.37, 0.21 11 50 
23 93 | 7.8) 1.8) 4.3 | 0.91 | 
| | | 
19 | 82 | 7.6) 1.6) 4.8 | 0.87 0. 50) 0.16 | 
0.89 0.50 0.16 
0.34 0.06) 11 50 
| 
0.58 0.32) 0.02} 15 | 50 
0.68 0.33 0.04 13 | 50 
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Remarks 


Sickling moderate, holly leaf 
forms, elevated white, low 
polymorphonuclear 

Sickling rapid and extreme, 
crises very severe, low poly- 
morphonuclear 


Sickling rapid, high white, low 


polymorphonuclear 
Sickling extreme, high white, 
low polymorphonuclear 
Sickling rapid, high white 


Sickling slow, splenectomy Feb. 
2, 1934 

Sickling rapid, splenectomy 
Dec. 8, 1926 


Sickling marked, white and 
differential normal 


Sickling moderate, white and 
differential normal 


Normal white, low polymorpho- 
nuclear 

Normoblasts, marked budding 
of red cell 


Splenectomy July 11, 1930, very 
high white, low polymorpho- 
nuclear 

Normoblasts 


i 
| 
5 
| 4 
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3 
Observation Date Subject | Sex 3 8 
gm. 
per 
100 ce. 
Hemolytic icterus 
Severe Apr. 13, 1936 | H. N. | F. 2. 7 
May 22, 1936 a 3 4 
Dee. 20, 1934 6 
Average 2. 7 
Dec. 13, 1934 4. 1] 
Average 4. 12 
Anemia cured by Mar. 21, 1935 Dat 5. 13 
splenectomy} 
Jan. 16, 10305 | P. H. | “ 16 
Average 14 
Hypochromic 
Before therapy Feb. 2, 1935 is. &. M. 6 
Mar. 23, 1935 6 
May 138, 1935 Ro.T. 1. 7 
Average 4. Be 6 
After therapy Mar. 11, 1935 | G.S. 5. 11 
May 27, 1935 L. C. _ 11 
June 25, 1935 Ro.T. Ae 14 
July 9, 1935 R1.T. si 12 
12 


Average 


t Cured designates those cases whose health has returned to normal by disappes 


abnormalities of the erythrocytes persist. 
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Taggpncluded 
lobia Corpuscular measurements Resistance 
33 Hypotonic Saponin 
om fit | Remarks 
per per mucro- | micro- 
cent | cent | grams | grams 
34 7.0] 2.8} 2.5 | 1.60) 0.66] 0.28 15% reticulocytes 
2.6] 2.6 57, 0.58) 0.26 Splenectomy Apr. 18, 1936, 
| anemia still severe 
99 0.40} 0.22; 9 29 | White normal, low polymorpho- 
nuclear, 15% reticulocytes 
98 2.7; 2.6 | 1.59 0.55) 0.25, 9 | 29 
3) 0.60) 0.34) 4 22 | White and differential normal 
24 | | 0.65 0.31; 8 33 
| | | 60.63 0.33, 28 
99 | | | | | 0.50) 0.30) 1 40 Splenectomy July 12, 1933, white 
| | | | | differential normal 
95 | | | | | 0.46) 0.26; 12 67 | Splenectomy June 21, 1933, 
| | | | white differential normal 
24 | 78 | 0.50) 0.26; 9 67 | Splenectomy Apr. 5, 1933, low 
| | | polymorphonuclear 
| | | | | 
15 | 86 | | | 0.47; 0.22) 11 33. | White and differential normal 
14 | 67 | | | | 0.46. 0. q 50 normal, low poly- 
| | | | | | | | morphonuclear 
14 | 64 | 7.8!) 2 6 5 | 0.63) 0. 46) 0. 18) 45) 
13 | 55 | 7.7) 1.1) 7.0 | 0.56) 0.40) 0.18) 7 2 
144 69 | 7.71.2 6.8 0.60 0.45 0.18) 9 | 39 
2") 87 | | | | 0.46; 0.21; 9 50 | Treatment, iron and ammonium 
| | citrate 
18 | 72 | 8.1| 1.31 6.2 0.63) 0,40) 0.16) 8 40 | Treatment, jJeculin 
99 | 68 | 7.8) 1.3) 6.0 0.66. 0.42 0.22) 10 40 5 iron and small doses 
| | | | | | : of copper 
17 | 70 | 7.8) 1.3) 6.0 | 0.69) 0.44) 0.26) 11 50 Treatment, liver extract plus 
| | | | | iron 
19 | 74 7.9 1.3 6.1 | 0.66 0.43, 0.21; 9 | 43 


pes anemia and accompanying ¢linical symptoms, although some of the hematological 
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Additional hematological observations of the erythrocytes in 
the anemias included the special studies on sickling and fragmenta- 
tion. A fresh undiluted preparation of blood was made directly 
from a finger prick. Within 15 minutes this was examined with 
the oil immersion lens for sickling. The examination was re- 
peated at the end of 1, 4, 12, and 24 hours. <A few blood samples 
showed sickling within the first 15 minutes, most of them within 
1 hour, and all at the end of 12 hours. After 24 hours the percent- 
age of sickled cells was determined, which was over 90 per cent in 
the majority of cases. There was considerable variation in the 
shape of the sickled cells. Where sickling was most rapid the 
majority of the cells were greatly elongated with filaments on the 
ends, whereas the more slowly sickling bloods showed only moder- 
ate elongation of the cells with irregularities suggesting crenation, 
the so called holly leaf forms. 

Studies were made for fragmentation of the red blood cell, a 
fresh preparation being used. The cells were kept at body tem- 
perature by placing the microscope in an incubator while the 
observations were made. At the same time stained smears were 
examined and found to show practically the same amount of 
fragmentation (11). 

Subjects—The hematological and physical observations on the 
blood of the individual subjects with the various types of anemia 
are presented in Table II. The subjects within each group are 
arranged according to the severity of the anemia as judged by the 
red blood cell count and hemoglobin value. The cases of hemo- 
lytic anemia chosen for study were known to be representative of 
their respective type, for a number of the patients had been 
studied intensively for several years in the Children’s Hospital of 
Michigan. Complete clinical and hematological histories are 
available in publications from the Anemic Chinic® (3, 5, 7, 11). 
Cured hemolytic icterus designates those cases in which the 
anemia and clinical symptoms had disappeared alter splenectomy. 
The physical characteristics of the erythrocytes however do not 
return entirely to normal. Although they attain a normal re- 
sistance, they remain appreciably smaller, similar to those in the 

$+ Dr. Thomas B. Cooley, Director of the Department of Medicine of 
the Children’s Hospital of Michigan, has given generous encouragement 
and advice on many of the clinical technicalities involved. 
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ehronic mild jaundiced state, indicating that the cause for the 
structural abnormalities in the cell itself remains after splenec- 
tomy. 

The cases of sicklemia without anemia‘ include subjects whose 
red blood cells possess the unique ability of changing to sickle 
forms under certain conditions, but who demonstrate no accom- 
panying clinical symptoms of anemia or debility. It must be 
pointed out that the analyses reported herein represent the poten- 
tial sickle cell and not the cell after it has undergone sickling. 
When anemia occurs in sicklemia, in addition to the sickling 
anomaly, it is manifested by clinical symptoms differentiating it 
from other anemias (5, 6). 

Attempts were made to secure studies upon the same patients 
throughout the course of the anemia, 7.e. when suffering a hemo- 
lytic crisis, during the less severe chronic state, and after treat- 
ment such as splenectomy. The interrelated hematological and 


chemical study of hemolytic anemias of childhood has included, 


over a 3 year period, nine cases of sicklemia with anemia, two of 
whom had been previously splenectomized, and three of sicklemia 
unaccompanied by anemia; four studies of erythroblastic anemia, 
two on a small infant and two on a 9 year-old girl who had a 
splenectomy 4 years before; and three on severe hemolytic icterus 
in a crisis, two during mild chronic jaundice, and three after cure 
of the anemia by previous splenectomy. The subjects with 
hypochromic anemia were selected from the Anemia Clinic? of the 
hospital and from the Infant Growth Clinic* of the Children’s 
Fund of Michigan. Studies were made on a pair of 9 month-old 
twins and two children before and after therapy, when the red 
blood cell count and hemoglobin had approached normal values. 

Fourteen normal children on whom one or more complete blood 
lipid, mineral, and hematological observations had been made in 
connection with metabolic studies in progress in the Research 
Laboratory of the Children’s Fund of Michigan comprise the 
normal group for this study (1). 


*Dr. Marsh W. Poole and Dr. Brenton M. Hamil kindly made available 
for study the cases of sicklemia without anemia and some of the hypo- 
chromic anemias through the Infant Growth Clinic of the Children’s Fund 
of Michigan. 
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DISCUSSION 

Lipids of Plasma—-Characteristic changes in certain plasma 
lipids seem to occur in all of the anemias, although the alterations 
differ in degree (Table III). The four types of anemia herein 
considered demonstrate an increase of plasma neutral fat which is 
only slight in hemolytic icterus, moderate in sickle cell and hypo- 
chromic anemia, and extreme in erythroblastic anemia. All but 
hemolytic icterus show a similar elevation of the total lipid values. 
Phospholipid and free cholesterol show no definite variation, but a 
reduction of cholesterol esters in the plasma of sickle cell and 
erythroblastic anemia appears to be a characteristic change. 

Although absolute values of plasma lipids vary normally over a 
moderate range, the percentage of the lipid fractions on the basis 
of total fat are relatively constant. Thus the calculation of lipid 
components in terms of per cent of total lipid accentuates the 
abnormalities in the lipid composition of the plasma as shown in 
ChartI. The percentage of total lipid in the form of neutral fat is 
increased, that of cholesterol ester and phospholipid is reduced, 
while the relative amount as free cholesterol is not definitely 
altered. The degree of abnormality which is most extreme in 
erythroblastic anemia appears dependent on the type of anemia 
rather than the number of corpuscles. The plasma changes ob- 
served in these anemias (12) correspond generally to those reported 
by investigators on pernicious (13, 14) and secondary anemia 
(15, 16), even though they. are different in etiology, hematology, 
and response to therapy. 

Lipids of Erythrocytes—-It has been an accepted idea that the 
erythrocyte composition remains constant under varying states 
and therefore few studies are available on the lipid distribution of 
the red blood cell in normal (1, 16, 17) or pathological conditions 
(13, 15-17) in humans. In harmony with this accepted view a 
previous study has demonstrated that the lipid composition of 
the erythrocytes in normal children is relatively constant in 
amount and distribution (1). On the other hand, each type of 
anemia herein deseribed demonstrates significant variations from 
normal in some of the lipid constituents. 

The absolute values (on the basis of mg. per 100 gm. of red 
blood cells) are given in Table III. In contrast to the changes in 
plasma, augmented total fat values are due to increased free 
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cholesterol and phospholipid except in erythroblastic anemia, 
where the neutral fat is disproportionately higher. The free 
cholesterol is elevated in the erythrocytes of hypochromic (even 
after therapy), sickle cell, and erythroblastic anemias, whereas 
higher cholesterol esters appear in the cells of hemolytic icterus, 
sickle cell, and hypochromic anemia before therapy. In the 
hemolytic icterus erythrocytes the level of total lipids and phos- 
pholipids is definitely low. However, the phospholipid is raised 
in hypochromic anemia both before and after therapy, while in 
only one sample of cells of erythroblastic anemia was it markedly 
elevated. Recently Whipple and Bradford (18) have observed 
slight increases in phospholipid of the cells of several cases of 
erythroblastic anemia. 

Inasmuch as wide variations in size and weight of erythrocytes 
do occur in these different types of anemia (Table II), values 
expressed in terms of concentration per unit weight may mask 
important changes in the individual cell, which may have meta- 
bolic or structural significanee. In a erisis of hemolytic ieterus 
there were only 0.93 X 10!'° cells per gm. of packed erythrocytes as 
contrasted with 1.51 x 10'® in hypochromic anemia. Conse- 
quently, calculations were made to determine the lipid composition 
of an average single cell; results for the corpuscular composition 
are expressed in terms of X 107! mg. in Table IIT. 

As illustrated graphically in Chart I], 1t appears that the 
elevated values of lipids per 100 gm. of cells in hypochromic anemia 
are caused by the larger number of erythrocytes present per unit 
weight of packed cells, each cell containing as much lipid as a 
normal cell. The individual corpuscle suffers reduced volume and 
deficient hemoglobin but retains its full quota of lipids. 

The abnormalities in the cells of hemolytie ieterus, however, are 
apparent in the corpuscular composition, whereas, when the ane- 
mia is cured by splenectomy, the lipid concentration shows a slight 
tendency to return to normal. 

The cellular compositions in the other anemias demonstrate 
abnormalities parallel to those brought out by the values per 100 
gm. of cells. 

In addition to the absolute concentration of lipids in the eryth- 
rocyte, the percentage distribution of the various lipid constituents 
in the total lipid, which normally maintains a characteristic 
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pattern, is altered in certain of these anemias, as shown in Chart I, 
The red blood cells in erythroblastie anemia exhibit the most 
abnormal percentage distribution with the neutral fat portion 
markedly increased and the phospholipid and ester cholesterol] 
fractions diminished. The greater percentage of cholesterol ester 
in total lipid of sickle cell anemia and hemolytic icterus erythro- 
eytes (both before and after splenectomy) characterizes them in 


60 PHOSPHOLIPID 
a0 PLASMA NEUTRAL FAT | 
~ CHOLESTEROL ESTERS 2223 ~~ 
NY NEA REY SEA EY 
NEA N EY bby NY ON NEY 
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LJ N N 
7} 
WITH WITHOU WiTH CURED BEFORE AFTER 
ANEMIA ERYTHRO- A lA THERAPY 
BLASTIC HEMOLYTIC HYPOCHROMIC 
NORMAL SICKLEMIA ANEMIA iCTERUS ANEMIA 


CHarrl. Percentage distribution of total lipids in plasma and erythro- 
eytes of hemolytic and hypochromiec anemias of childhood. 


relation to normal as well as to the other anemias. More of the 
total lipid in the form of free cholesterol occurs in all but erythro- 
blastic anemia and hemolytic icterus before splenectomy. 

Reports in the literature (1, 19-21) have made evident the fact 
that the amount of cholesterol divided between the free and 
esterified form in the plasmais normally a physiological constant 
except in the neonatal period. In the plasma of the different 
childhood anemias there is a tendency for the percentage cho- 
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lesterol in the esterified form to be reduced as is shown in Table 
IV. On the other hand, the percentage of esterified cholesterol 
in the cells of the anemias is fairly normal except in hemolytic 
icterus where it is elevated. : 

The separation of phospholipids into component fractions® in 
the blood of normal children (1) has indicated that the division of 
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Cuartil. Lipid concentration of erythrocytes in anemias of childhood 


the phospholipids may prove to be as physiologically significant as 
the distribution of total lipids and cholesterol. The percentage of 


‘In order to check the reliability of this method for the separation of 
lecithin and cephalin, extensive studies including analysis of other con- 
stituents of these fractions are being carried on in this laboratory. Fur- 
thermore, efforts are being made to determine a third fraction of the 
phospholipids which is indicated to be sphingomyelin by observations 
made up to the present. 


+ 
st 
On 
ro] 
er 
‘O- 3 
| 
| 
4 
| 
| | 
: 
| 
a 
t 
| 
| 
| 
)- 


584 Lipids and Minerals in Blood 


phosphelipid as absolute alcohol-soluble in the plasma of the 
hemolytic anemias, ranging from 90 to 95 per cent, is about the 
same or slightly higher than that observed in normal children, 
which averaged 91 per cent (Table IV). It is lower, however, in 
hypochromic anemia, in which there was an average of 84 per cent 
phospholipid in the absolute alcohol-soluble form. ‘This fraction, 
which normally averages 80 per cent in the erythrocyte, 1s gen- 
erally lower in the anemias, particularly in the anemia of hemolytic 


TaBLE IV 


Distribution of Cholesterol and Phospholipid Fractions in Hemolytic and 
Hypochromic Anemias of Childhood 


Plasma Erythrocytes 


Observation Choles- Choles- pospho- 
alcohol-| cho-| alcohol- | terol, free cho- 
soluble | lesterol | soluble ares lesterol 
in total® | | ratio in total® | | ratio 
| per cent | per cent | per cent | per cent | 
Sicklemiat | | | | 
Without anemia..........; 93 | 32 82 2.1 
Erythroblastic anemia..... | 2.3 | 86 
Hemolytic icterus | | | : 
Hypochromic anemia | | | | 
Before therapy...........| 84 | 30 | 3.1 | 7% te 
After | 89 | 2.2 


* Total phospholipid refers to the petroleum ether phospholipid of the 
‘‘aleohol-ether’’ extracts of plasma and red blood cells. 
t See foot-note 1. 


icterus in which only 63 per cent of the phospholipid is absolute 
aleohol-soluble. In contrast, it is greater than normal in both 
plasma and cells, 97 and 90 per cent respectively, when splenec- 
tomy had resulted in the cure of the anemia of hemolytic icterus. 
Minerals—The importance of the blood electrolytes, sodium, 
potassium, and chloride in respiratory exchange (22) and mainte- 
nance of osmotic equilibrium (23) within the body is well estab- 
lished. The abnormal types of erythrocytes in the hemolytic 
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anemias suggest derangement in both respiration and osmotic 
equilibrium. For instance sickling is brought about in sicklemia 
by anoxemia, carbon dioxide, or changes in the acidity of the 
medium (5,6). The fact that acidification by variations of carbon 
dioxide tension and changes in oxygenation of hemoglobin cause 
both water and chloride to pass into the cells, whereas alkaliniza- 
tion has the opposite effect (23), leads one to suspect that the 
ionic equilibrium may become upset after sickling. Therefore, it 
would seem that a study of the electrolyte distribution in the 
anemias under consideration would be of equal importance to 
the lipid determinations in contributing to an understanding of 
the abnormalities occurring in the cells, and in their production 
and destruction.® 


The determinations on the sodium, potassium, and chloride 


distribution between plasma and erythrocytes are given in Table 
V. Both the range and average chloride content of the serum in 
all of the anemias are normal. ‘The serum sodium is shghtly lower 
than normal in all of the anemias as well as in cured hemolytic 
icterus. Potassium values exhibit a wider range of variation 
than has been observed in our normal studies (1). As in the case 
of the serum practically all of the erythrocyte chloride deter- 
minations fall within the normal range, while the sodium content 
of the erythrocytes (milli-equivalents per liter of cells) appears 
to be unstable, as shown by the occurrence of values both higher 
and lower than normal in the same type of anemia. The potas- 
sium of the red blood cells in erythroblastic anemia and severe 
hemolytic icterus exceeds the normal maximum, while some of the 
sickle cell values fall below the normal minimum. In certain of 
these anemias calculation of the mineral constituents of the in- 
dividual corpuscle, as has been previously pointed out in the dis- 
cussion of the hpid composition, presents abnormalities obscured 
in the mineral determinations on a composite basis. The greatest 
difference between corpuscular and unit weight compositions is 
shown in hypochromic anemia, in which potassium and chloride 


‘The authors appreciate the helpful contributions of Dr. Hugo A. 
Freund and his suggestion for including the observations on the mineral 
distribution of the cells and plasma. Unfortunately it has not been 
possible to include the mineral determinations at all times because of 
the limited quantity in the blood samples. 
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values of the individual red blood cell are significantly below 
normal. The corpuscular composition emphasizes the elevated 
potassium in the erythroblastic and hemolytic icterus eells and 
lower values for all three of the minerals in the cells of sicklemia 
and clinically cured hemolytic icterus (without anemia). 

Maizels (24) has shown in his paper on the ion content of blood 
in anemias that the amount of base present in the erythrocyte is 
greater than that required to combine with cell chloride, bicarbon- 
ate, and hemoglobin, which is suggested to be in combination with 
some other unknown anion (X~) present in the cell. In @®he 
normal erythrocyte of adults excess base values ranged from 7 to 
20 milli-equivalents per liter of cells. In the erythrocytes of most 
of the anemias except hemolytic icterus the amount of additional 
cations (potassium and sodium) and therefore the anion (X~) was 
found to be increased. 

Similar calculations have been made with the present data, 
in which the results are expressed in milli-equivalents per liter of 
cells and milli-equivalent per single cell. It was necessary 
to use the data of Maizels for the concentration of bicarbonate in 
cells, but inasmuch as his values remained fairly constant, the use 
of the average concentration in our calculations should incur little 
error. The average normal excess base is approximately 15 milli- 
equivalents per liter and 13 & 107" milli-equivalent per cell (Table 
VI). The excess of cations in erythroblastic cells, approximately 
94 milli-equivalents per liter or 79 & 107! milli-equivalent per cell, 
exceeds any value reported by Maizels (24) or observed in any of 
the other groups in this study. 

A definite parallelism seems to exist between the excess cor- 
puscular base and the undetermined weight of the cell, which is 
calculated by subtracting the sum of the corpuscular hemoglobin, 
water, total ions, and total lipids from the corpuscular weight. 
Approximately 3 micromicrograms remained undetermined in the 
normal red blood cell and approximately 8 in the cells of anemia, 
except in sickle cell anemia in which only 1 micromicrogram re- 
mained unaccounted for. The undetermined weight is probably 
composed chiefly of stroma protein in addition to other substances 
such as non-protein nitrogen compounds, phosphoric esters (23, 
25), and of nuclear material in the nucleated cell. Thus the 
presence of many nucleated cellsin the anemias, particularly of the 
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erythroblasts in erythroblastic anemia, may bear some relation 
to the increased excess cation content and undetermined weight, 

Physicochemical—-An increased fragility to saponin and hypo- 
tonic NaCl is one of the cardinal characteristics of the more spheri- 
cal erythrocyte in hemolytic icterus (3, 4, 26), whereas cells less 
vulnerable than normal predominate in erythroblastic anemia 
(7-9, 26) and sicklemia with and without anemia (5, 7, 26). 
These characteristics are illustrated by the resistance studies on 
the red blood cells, as shown in Table II. 

A variety of factors such as age (27), chemical composition, 
particularly proteins (28), lipids (29, 30), and electrolytes (25, 31- 
34), as well as maturity (35, 36), volume (37), and size and shape 
(38) of the cell itself have been suggested as important in regulating 
the resistance of erythrocytes to hemolysis. In the present study 
there appears to be no definite relationship between the protein 
eontent of plasma or cells, the corpuscular volume, cell hemo- 
globin, or reticulocyte count and hemolysis by hypotonic sodium 
chloride and saponin solutions. 

The present lipid studies give evidence contrary to the wide- 
spread theory (29, 30) that the relative proportion of phospholipid 
and cholesterol in the erythrocyte regulates its resistance to he- 
molysis, and agree with those of Ponder (25) and recent reviews on 
phospholipids (39) and cholesterol (40) in that this relationship 
has been overemphasized without experimental proof. The 
phospholipid to cholesterol ratio of the fragile hemolytic icterus 
cell is about the same as that of the average normal red blood cell 
and the more resistant cells in erythroblastic and sickle cell 
anemia, as shown in Table II. Furthermore, the ratio of these 
constituents is more constant in the plasma and shows no relation 
to the resistance of the erythrocyte. 

Permeability studies have yielded conflicting conclusions re- 
garding the relation of the ion content of the erythrocyte, 
its surrounding medium, and resistance to hemolysis. Ashby (31) 
has pointed out that a marked inverse parallelism exists between 
the potassium content of the red blood cell (in which potassium is 
the predominating cation) and its resistance to hypotonic sodium 
chloride. Brooks (34), on the other hand, found no definite 
change in the fragility of potassium-rich and potassium-poor 
cells. In the present study the highest potassium values observed 
occurred in erythroblastic anemia with 123 & milli-equiva- 
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lent per cell and in hemolytic icterus with 151 « 10 >" milli- 
equivalent per cell. Inasmuch as these anemias are characterized 
by erythrocytes diametrical in their resistance to hemolysis, there 
seems to be no relationship between fragility and potassium con- 
tent. Although Maizels (24) has reported alow potassium content 
of the cell in hemolytic icterus, he did not observe any relation 
between the level of potassium content of the cell and its fragility 
or destruction. ‘The present data show no apparent relationship 
of the sodium, chloride, or total cation content of either cells or 
serum to the fragility of the cells in the different types of anemia. 

Relation of Red Blood Cell Composition to Physical Properties— 
Haden (38) has pointed out through a study of the dimensions of 
the cell, including volume, diameter, and thickness, that the shape 
of the erythrocyte influences its hemolysis by hypotonic sodium 
chloride. He has shown that the fragile hemolytic erythrocyte is 
more spherical than normal with a diameter to thickness ratio of 
2.1 and a volume to thickness index of 1.92 contrasted with a 
diameter to thickness ratio of 4.1 and volume to thickness index 
of 1.00 in a normal erythrocyte. This fact is corroborated by 
the data on hemolytic icterus herein recorded (Table I]). In 
addition the data on sickle cell and erythroblastic anemias 
with cells more resistant to hemolysis by hypotonic sodium 
chloride demonstrate thinner and more discoidal shapes, as 
shown by average diameter to thickness ratios of 5.0 and 5.7 
and volume to thickness indices of 0.84 and 0.74 respectively. 
This relationship is further substantiated by the increased re- 
sistance to hemolytic agents (41) of the eliptieal red blood cell 
which anomalously predominates in the blood of certain individ- 
uals (41, 42). On the other hand, the small cell of hypochromic 
anemia seems to be less resistant to osmotic hemolysis than its 
discoidal shape would indicate, the diameter to thickness ratio 
and the volume to thickness index being 6.8 and 0.60 respectively. 
Its cell area, however, is practically normal as compared with the 
increased areas of the flattened erythrocytes of sickle cell and 
erythroblastic anemias.’ 

7 The formula of Emmons (43), area = 2rr(r + h), in which the cell is 
considered as a flat cylinder, r being half the cell diameter and h the cell 
thickness, was used to calculate the cell areas in our study. Although 
it has been pointed out that this formuld gives results which are con- 
sistently too high (25), it seems to yield relative values for comparative 
purposes. 
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Although hemolysis by saponin involves a different mechanism 
from that of hypotonic NaCl in that it appears to combine with 
certain constituents of the red blood cell itself, this process likewise 
seems to be affected by the shape of the cell, except in hypochromie 
anemia, as shown by the data in Table IT. 

Ponder ((25) p. 72) has described the effect of saponin which is 
typical of most lysins on the shape of the red blood cell as follows: 


‘‘At first the cells show no noteworthy change; there may be some crena- 
tion, but sometimes there is none, and any that there is usually tends to 
become less as time goes on. Just before hemolysing, however, each cell 
becomes perfectly spherical; it soon afterwards loses its pigment, and fades 
from view. The change from the discoidal to the spherical form does not 
seem to involve any very noticeable alteration in volume; one gets the 
impression that the ‘structure’ which maintains the flattened form of the 
cell suddenly gives way, and that the sudden removal of restraint is rapidly 
followed by lysis.” 


Therefore the change of the more discoidal cells to the spherical 
form before hemolysis seems to require more drastic hemolytie 
action. The cells in sicklemia behave anomalously from this 
point of view. After the potential or latent sickle cell, which is 
more resistant than the normal cell, has once undergone sickling, 
becoming thinner and even more discoidal, it seems to become more 
susceptible to hemolytic influences, a fact that has been demon- 
strated in vitro by the increased hemolysis and ultimate disappear- 
ance of the sickle-shaped cells (5, 44). 

It is evident from the foregoing observations that the shape of 
the red blood cell, as expressed by volume, diameter, and thickness 
relationships, plays a significant rdle in its physicochemical be- 
havior. Moreover, that the physical contour of the erythrocyte 
is dependent upon its chemical composition, and that of its sur- 
rounding medium, is indicated by experiments on the change in 
shape under the influence of certain factors. For instance, cells 
become spherical when suspended in isotomie sodium chloride 
solution between two glass surfaces, a change which will not oecur 
if plasma is present ((25) p. 75); addition of lecithin converts cells 
to the spherical form, even in the presence of plasma ((25) p. 81); 
and in sicklemia the contour of the cell appears to be related to 
the state of combination of hemoglobin, since sickling is brought 
about in vitro by anoxemia or by a change in the acidity of the 
medium (5, 6, 44, 45). 


+ 

e 
al 

a 

‘4 

t 

t 

qi | 

( 
4 ( 

| 
| 
j 
| | 
| 


Erickson, Williams, Hummel, Lee, Macy 593 


An examination of the present data has failed to disclose any 
relationship of the lipid or mineral content or distribution in 
either the plasma or erythrocytes to the characteristic abnormal 
shape, size, or resistance of the cells in the anemias under consid- 
eration. ‘There are slight indications that there may be some 
relationship between the cell area and concentration of lipids. 
Why the erythrocytes in certain types of anemia do not retain 
the normal biconcave shape which Ponder (46) has shown to be 
the most efficient form for the rapid diffusion of gases remains 
to be determined. 


Comment 


The pathological changes which the corpuscle undergoes in 
these different anemias may result in an impairment of its physio- 
logical activity or efficiency. On the other hand, the individual 
erythrocyte in the anemias may be more active because of in- 
creased demands placed upon the reduced numbers to carry on 
the normal hematological and metabolic functions. The influence 
of the maturity of the cell is an additional factor to be considered. 
The presence of large numbers of reticulocytes in hemolytic icterus 
and of immature erythroblasts in erythroblastic anemia would 
appear to alter the chemical picture if they differ in activity and 
composition from the older mature forms. It is well established 
that reticulocytes have an augmented metabolism as measured by 
rate of respiration (36), whereas erythroblasts appear to have a 
much higher oxidative and glycolytic metabolism comparable to 
that of embryonic tissue (47). 

Physiological activity is not confined to respiratory exchange, a 
fact emphasized by Bloor (48) in the following statement. 


“The term ‘physiological activities’ as used here is thus meant to include 
all the processes of the living cell. Of these, oxidation is the basic one, 
upon which the others depend to the extent at least of their energy require- 
ment, and... oxidation is the function most emphasized in discussions of 
the mitochondria and the phospholipids. But it should be borne in mind 
that it is only one form of activity and perhaps not the most important 
except in muscle where energy transformations are quantitatively the 
most significant. Yet the muscles (except the heart) have the lowest 
phospholipid and cholesterol content of all the tissues. In other tissues 
such as the brain, liver, and kidney having a much higher lipid content, 
energy transformations are relatively less important and other activities 
than oxidation must obviously bear greater significance in the considera- 
tion of the total physiological activity of most cells.’’ 
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The lipid and mineral content of tissues in relation to their 
physiological activity or efficiency has been the subject of numer- 
ous investigations. Bloor and his school (48-50) have demon- 
strated that increased activity is associated with higher values 
of phospholipid and free cholesterol, whereas lowered physiological 
activity, degeneration, and retrogression are accompanied by 
lower levels of these two lipids together with increased amounts of 
neutral fat and cholesterol esters. In regard to the minerals, 
Gérard (51) has concluded from a study of the potassium-sodium 
eontent of tissues that those of most active function, whether 
glandular, nervous, or muscular, have the highest potassium to 
sodium ratio. 

The abnormalities which occur in the lipid and mineral composi- 
tion of the erythrocytes in the congenital anemias of childhood 
may be of significance in the light of these theories of physiological 
activity. 

Outstanding are the cells in erythroblastic anemia in which 
there is a relatively large amount of neutral fat present, thus 
signifying that the erythrocyte is less active. Furthermore, the 
relative percentage increase in the cholesterol ester of the cell in 
sickle cell anemia suggests degeneration and retrogression. On 
the other hand, the percentage hpid distribution is normal in the 
sicklemia cell without anemia and it would appear therefore that 
the changes indicating retrogression are probably associated with 
the anemia rather than with the phenomenal ability of the eryth- 
rocyte to sickle. The erythrocyte of hemolytic icterus with 
severe anemia has relatively less phospholipid and more cho- 
lesterol ester than normal, thus showing signs of diminished 
activity and degeneration. After splenectomy, which cures the 
anemia, the relative proportions of the different lipid fractions in 
the cells become more normal. Finally, we observe in hypo- 
chromic anemia, a normal pattern of lipid distribution both in the 
anemic state and after the improvement of the red blood cell 
count by therapy. 

The potassium to sodium ratio in addition to the lipid composi- 
tion furnishes confirmatory evidence that the physiological activity 
of the erythrocyte is diminished in the hemolytic anemias. This 
ratio is 2.6 in erythroblastic anemia as compared with 7.0 in cells of 
normal children. In sickle cell anemia it is 5.9, but in sicklemia 
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without anemia the ratio is found to be 10.4. Before and after 
splenectomy in hemolytic icterus the potassium to sodium ratio is 
6.5 and 9.9 respectively. 

To test further the application of the theory that a lowered 
potassium to sodium ratio and diminished physiological activity 
are found in the erythrocyte in anemia, ratios have been calculated 
from Miaizels’ extensive data on the anemias of adults (24). 
Values lower than normal occur in his cases of macrocytic anemia 
and hemolytic icterus with ratios of 7.9 and 6.9 respectively, while 
normal ratios (8.8) were found in his cases of microcytie anemia. 
In microcytic anemias (hypochromic) the ratios are not found to 
be lowered in either adults or children, with values of 8.8 and 8.4 
respectively. It appears therefore with the exception of hypo- 
chromic anemias that the potassium to sodium ratio of the erythro- 
cyte is decreased in anemia. 

These data indicate a lowered physiological activity of the eryth- 
rocyte in the hemolytic anemias as compared to the normal red 
blood corpuscle, if one accepts the hypotheses that the lipid com- 
position and potassium to sodium ratios in tissues are associated 
with physiological activity. 

A deficient erythrocyte structure, as indicated by an upset lipid 
and mineral composition, agrees with the theory advanced by 
Cooley (2) on the results of splenectomy in these three types. His 
theory assumes that these cells are abnormal in structure, and 
that if their destruction is minimized by splenectomy, the patient 
is benefited only in so far as the cells left in circulation are capable 
of functioning in a normal way. Inasmuch as the erythrocytes 
are products of the hematopoietic system, the abnormalities in 
their structure and composition which persist after splenectomy 
give evidence that they may reflect the pathological state and 
function of the blood-forming tissue. 

In efforts to elucidate further the chemical structure of the red 
blood cell, research is being carried on in an attempt to isolate the 
“stroma’’ in a pure state sufficient for detailed chemical analysis. 
When one can differentiate between the constituents of the cell 
which are bound as the structural framework and those which may 
be more mobile or metabolic, one can hope to gain further informa- 


$ Unpublished data; preliminary report (52). 
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tion of its réle in metabolism and the significance of its chemical 
abnormalities in blood dyscrasias. 


SUMMARY 


Simultaneous analyses of the lipids and minerals in the serum 
and cells, together with comprehensive hematological and certain 
physical observations on erythrocytes such as cell volume, weight, 
diameter, thickness, specific gravity, water content, and resistance 
to hemolysis against saponin and hypotonic sodium chloride solu- 
tions have been made in the hemolytic (erythroblastic, sickle cell, 
and hemolytic icterus) and hypochromic anemias of childhood. 
Inasmuch as these blood dyscrasias are characterized by extreme 
abnormalities in shape, size, weight, and fragility of the red blood 
corpuscles, the importance of expressing the chemical composition 
of the erythrocytes on the basis of an average single corpuscle 
rather than in terms of concentration per unit weight or volume 
has been emphasized. 

The most characteristic change in the plasma lipids occurred in 
the neutral fat fraction. There was a marked elevation in erythro- 
blastic anemia with lesser increases in the other types of anemia. 
The concentrations of the minerals in the serum were within the 
normal range for chloride, low for sodium, and more variable than 
normal for potassium. 

Abnormalities in the concentration and distribution of the lipids 
and minerals occur in the erythrocytes which seem to be dependent 
on the type of anemia and related in some way to the characteristic 
red blood cell typical of the anemia. 

The relation of the free to total cholesterol, the absolute aleohol- 
soluble phospholipid to total phospholipid, the ratio of cholesterol 
to phospholipid in regard to hemolysis, and the excess cation 
concentration in the corpuscles have been discussed with respect 
to their fluctuations in these diverse anemias. 

Measurement of cell volume, diameter, and thickness indicate 
that the cells of erythroblastic, sickle cell, and hypochromic 
anemia are more discoidal than normal, whereas those of hemo- 
lytic icterus are more spherical. 

A study of the resistance of the different types of erythrocytes 
to hemolysis by saponin and hypotonic sodium chloride solutions in 
relation to the physicochemical characteristics of the cells has 
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shown that a correlation seems to exist between the shape and 
fragility of the corpuscle in the hemolytic anemias. 


The pathological changes occurring in the erythrocytes in these 


various types of anemia together with the alterations in lipid 
composition and the potassium to sodium ratio have been dis- 
cussed in the hght of the theory of their association with the 
physiological activity or efficiency. 
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THE LIPID AND MINERAL DISTRIBUTION OF THE 
SERUM AND ERYTHROCYTES IN PERNICIOUS 
ANEMIA* 


BEFORE AND AFTER THERAPY 
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It is generally agreed that the abnormally low percentage of red 
blood cells in pernicious anemia is the result of inhibited erythro- 
polesis, rather than excessive erythrocyte destruction as was once 
thought. The investigations of Castle and coworkers (1) have 
placed this blood dyscrasia, which is caused by the lack of a 
substance essential for the normal maturation of the erythrocyte, 
in the category of deficiency diseases. Furthermore, they have 
established that this condition involves a substance stored in the 
liver which has been formed through the interaction of an extrinsic 
faetor supplied by the food and an intrinsic factor secreted in the 
stomach (2, 3). Whipple (4) has called this active principle a 
“stroma-producing factor,” but because injections of small quanti- 
ties of this substance produce a rise in the blood count of several 
million red cells, Davidson and Leitch (5) suggest that it 1s prob- 
ably of the nature of a hormone or enzyme. Regardless of the 
nature of the antianemic principle, it appears to be in some way 
concerned with the formation of the stroma of the red blood cell 
rather than with the synthesis of hemoglobin (6). 


* Through the interest and encouragement of Dr. Hugo A. Freund, 
chief of the Medical Division, and his staff, Harper Hospital, a progress 
report of this study was presented before the American College of Physi- 
clans and Surgeons at Detroit, March 3, 1936. 

We wish to thank Dr. EF. A. Sharp and Mr. FE. M. Schleicher of Parke, 
Davis and Company and of the Anemia Clinic of Harper Hospital, for 
their cooperation in selecting cases and making arrangements for blood 
studies, and in making accessible their medical and hematological histories. 
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Inasmuch as the erythrocyte in pernicious anemia is grossly 
2 abnormal in size and shape (hyperchromic macrocyte) with indica- 
: | tions of a deficient chemical structure, and since specific treatment 
alleviates this pathological condition of the cell, a study of the 
chemical composition of the cells and plasma in pernicious anemia 
.before and after treatment may yield not only information con- 
cerning the defects in structure and physiological activity of the 
; erythrocytes and parent hematopoietic tissue in this disease, but 
i may offer an insight into the structure of cells in general. Asa 
part of a general chemical study (7-10) on the structure of the 
red blood cell, this report presents hematological observations 
together with simultaneous determinations of the lipid and 
mineral (sodium, potassium, and chloride) distribution in the red 
cells and plasma in pernicious anemia, before and after thera- 
peusis. The lipid and mineral composition was selected for study 
because certain of these constituents are essential in cellular 
structure and function (11, 12). The occurrence of neurological 
symptoms (3, 13) in pernicious anemia and the results from pre- 
vious studies on the plasma (14, 15) suggest a derangement in fat 
metabolism, while the constant association of achlorhydria with 
this disease (16, 17) indicates abnormalities in mineral metabolism. 
| Subjects——One or more studies (twenty in all) have been made on 
eight patients. All of the subjects with the exception of St! 
4 were made available through the facilities of the Anemia Clinic of 
ft Harper Hospital. They were representative of typical pernicious 
anemia” and were under close supervision inasmuch as their re- 
sponse to treatment was being used as the basis of potency tests 
of marketable liver and ventriculin extracts.° 

The hematological observations on the venous blood samples of 


1 Dr. Raphael Isaacs of the Thomas Henry Simpson Memorial Institute 
for Medical Research, University of Michigan, kindly made patient St 
available for this study. 
if 2 Subject Md was not included in the average results because of com- 
plications in addition to the anemia and death soon after the initial study. 

* Samples of the ventriculin and liver extracts which were being tested 
and used in the treatment of their patients were kindly furnished to us 
by Dr. E. A. Sharp of Parke, Davis and Company. Lipid analyses showed 
that the liver extracts were free of lipids, and that the ventriculin con- 
tained only negligible amounts of lipid, chiefly as neutral fat (approxi- 
mately 1 mg. per capsule). 
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the patients in relapse and at intervals after treatment are given 
in Table I together with pertinent data of age, sex, and type of 
therapy. The red blood cell count, hemoglobin, and corpuscular 
measurements display the typical hematological characteristics of 
pernicious anemia and the shift toward a normal blood picture‘ 
with treatment. 

In order to simplify discussion the studies have been averaged 
arbitrarily on the basis of red blood cell count and hematological! 
characteristics. ‘Those in relapse include the initial observations 
made at the time of hospitalization when the red cell counts were 
not above 2.5 millions per e.mm. and before any treatment had 
been introduced. In the course of therapy the cases were con- 
sidered in remission when the red cel] counts were approximately 
4.5 millions per ¢.mm. or above with normal hemoglobin levels 
and corpuscular volume practically normal, and in partial remis- 
ston When the values were intermediate. 


Methods 


Postabsorptive blood samples (30 to 40 ce.) were obtained from 
the arm vein for each study, and the following methods were used. 

Sodium was determined by the uranyl microgravimetric method 
((21) p. 736); potassium by the cobaltinitrite microtitration 
method ((21) p. 748); and chloride by the open Carius method as 
applied by Van Slyke and Sendroy ((21) p. 836). The values 
for the mineral content of the cells were calculated from the 
determinations made on the whole blood and the serum. Nitrogen 
was determined by the micro-Kjeldahl gasometriec technique of 
Van Slyke ((21) p. 353, (22)). The lipids were determined by 
the gasometric procedure of Kirk, Page, and Van Slyke (23). 
The various methods used in studying the resistance of the eryth- 
rocytes have been detailed previously (9). 

Corpuscular measurements were as follows: Wintrobe’s (24) 
methods were used in calculating cell volume from the percentage 

* Normal values of red blood cell count, hemoglobin, hematocrit, and 
corpuscular volume are taken from Vaughan (18) and Wintrobe (19); 
diameter, thickness, and volume to thickness index from Haden (20); 
resistance to hemolysis in hypotonic sodium chloride solutions from 


Haden (20) and Vaughan (18); resistance in saponin solutions and remaining 
calculations from studies in this laboratory (9). 
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volume and red cell count of whole blood, and corpuscular hemo- 
globin from the red cell count and hemoglobin. The weight was 
computed from the erythrocyte volume and specific gravity. The 
thickness was determined from cell volume and diameter by means 
of the three-dimensional chart adapted from von Boros by Haden 
(20), and volume to thickness index as outlined by Haden with 
his nomogram adapted from Warburg. Computations of cor- 
puscular concentrations were made from the determined amount 
per 100 gm. of cells and the number of cells per unit weight, the 
latter value being calculated from the cell weight. Cell diameter 
was measured directly from a dried smear of blood by Bock’s 
erythrocytometer, a simplified diffraction apparatus described by 
Sharp and Schleicher (25). 

The specific gravity of the cells was calculated from the values 
of the plasma and whole blood as determined by weighing in 
pycnometer bottles on the microbalance (26). Water content 
was determined by drying the cells in sand for 48 hours at 85°. 

DISCUSSION 

Physicochemical —Vhe macrocytic erythrocyte pernicious 
anemia is more spherical than the normal red blood cell, as shown 
by the diameter to thickness ratio and volume to thickness 
index (Table 1). In addition, there is a parallelism in the degree 
of spherocity, the size of the erythrocyte, and the corpuscular 
hemoglobin. 

Evidence from other types of anemia indicates that cells of 
spherical form are more fragile (27), while erythrocytes more dis- 
coidal than normal, with the exception of the cells in hypochromic 
anemia, are more resistant to hemolytic agents (10). The erythro- 
cytes in pernicious anemia, however, demonstrate a slight increase 
of resistance in both beginning and complete hemolysis by hypo- 
tonic sodium chloride, a characteristic pointed out by Vaughan 
(18) and Daland and Worthley (28); but they seem slightly more 
fragile than normal in saponin solution (Table I). A consideration 
of the comparative areas® of the erythrocytes, including both 


5 The formula of Emmons (29), area = 2ar(r + h), in which the cell is 
considered as a flat cylinder, r being half the cell diameter and h the cell 
thickness, was used to calculate the cell areas in this study. Although it 
has been pointed out that this formula gives results which are consistently 
too high (30), it seems to yield relative values for comparative purposes. 
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hypochromic and pernicious anemias, suggests a relationship 
between the fragility and the corpuscular area; a more expansive 
surface of the erythrocytes In pernicious anemia and other anemias 
appears to be associated with an increased resistance in hypotonic 
sodium chloride, while the cell in hypochromic anemia, although 
microcytic, seems to have a normal surface area and resistance (10). 

Lipids in Plasma®’—The blood lipid picture which is found to 
represent most clinical anemias is characterized by the appearance 
of an excess of fat with a simultaneous deficiency of phospholipid 
and cholesterol (33). Similar results are found in the plasma of 
pernicious anemia in relapse (Table I1). In addition, separation 
of the cholesterol] into the free and combined fractions shows that 
the most consistent and striking abnormality outside of the 
increased neutral fat is the decreased cholesterol ester. In prac- 
tically all cases the individuals respond alike to the effect of 
therapeusis and increased red blood cell count. As the numberof 
erythrocytes increases and the anemia improves, there is amarked 
elevation in the cholesterol esters and a decrease in the neutral fat. 
The phospholipid and free cholesterol fractions do not show the 
same consistent changes, but do exhibit a tendency to increase 
after treatment. On the basis of the average figures in mg. per 
100 cc. for relapse and remission the phospholipid increases with 
treatment from 119 to 142, the free cholesterol from 33 to 49, and 
the cholesterol esters from 126 to 204, whereas the neutral fat 
decreases from 219 to 135. A comparison of these values with 
those of Page et al. (31) shows that even in remission all of the 
lipid constituents are lower than in normal plasma. With the 
exception of neutral fat, however, they are tending towards the 
normal concentrations as the anemia improves. These changes in 
plasma lipids from relapse to remission are in general agreement 
with the comprehensive studies of Muller (15) in pernicious anemia 
on cholesterol, lecithin, and total fatty acids. The percentage of 
free cholesterol in total cholesterol (82) which is normally con- 
sidered to be a physiological constant (27 per cent) is high in 


6 Normal plasma values of total lipid, phospholipid, neutral fat, total 
and free cholesterol, and cholesterol esters are from Page et al. (31). The 
normal value for percentage of free in total cholesterol is from Sperry (32). 
All other normal values are from studies in this laboratory (9). 
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relapse (37 per cent), but normal after remission of the anemia 
(28 per cent). 

The absolute concentration of the different lipids may vary 
normally over a wide range, but the percentage of these fractions 
in the total lipid tends to be quite uniform. The composition of 
the lipid mixture in the plasma in pernicious anemia before and 


alter treatment is shown graphically in Chart I. These values are 
calculated from the average figures given in Table II. In the 
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Cuartr ll. Percentage composition of total lipids of plasma and eryth- 
rocytes in pernicious anemia. 


plasma, the striking change is the increase of cholesterol esters 
after therapeusis, with a corresponding decrease in neutral fat. 
This reciprocal relationship of cholesterol esters and neutral fat has 
been pointed out by Page et al. (31) in their study of the lipids of 
normal blood plasma. The percentage of total lipid as free 
cholesterol] is increased with remission but is still less than normal. 
On the contrary, the percentage phospholipid is normal in relapse 
and increased after treatment. 

Lipids in Erythrocytes—-Few workers have been concerned with 
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the lipid changes in the erythrocytes themselves, inasmuch as it 
was early reported (14) that the corpuscles in anemia as well as in 
other conditions tend to preserve a constant composition, abnor- 


malities being found mainly in the plasma. 


Bodansky (34), 
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nevertheless, by calculations made from determinations on whole 
blood and plasma, demonstrated the appearance of cholesterol 
esters in the red blood cells of dogs with experimental anemia 
where normally they were absent. 
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In the present study significant abnormalities are noted in the 
erythrocytes during relapse (Table Il) which are demonstrated 
by a high concentration of cholesterol esters and a decreased 
amount of phospholipid and free cholesterol. With remission 
the concentration of these lipids returns to normal. ‘The changes 
from relapse to remission on the basis of average values in mg. per 
100 gm. of cells are as follows: 153 to 243 for phospholipid, 14 to 29 
for neutral fat, 73 to 102 for free cholesterol, and 69 to 33 for 
cholesterol ester. In normal erythrocytes approximately 15 per 
cent of the total cholesterol is in the form of esters, while in the 
cells of pernicious anemia there is 36 per cent in the ester fraction. 
After improvement of the anemia with therapy the percentage of 
ester in total cholesterol becomes normal. Similarly there appear 
to be abnormalities in the phospholipid make-up of the pernicious 
anemia erythrocyte. In relapse 70 per cent of the phospholipid is 
soluble in absolute alcohol, while in remission 81 per cent is sol- 
uble, a value similar to that found in the erythrocytes of normal 
blood (9). 

The advantage of expressing the erythrocyte concentration in 
terms of an individual corpuscle rather than on the unit weight 
basis has been demonstrated in the anemias (10). This 1s par- 
ticularly evident in pernicious anemia where there are not as many 
cells per unit weight, owing to the enlarged erythrocyte. The 
lipid concentrations per 100 gm. of cells and per single cell are 
shown graphically in Chart II by superimposed columns, the 
heights of which represent the average values (Table II). On 
the unit weight basis the erythrocytes have less total lipid than 
those in remission or normal while this difference is not apparent 
in terms of concentration per single cell. The erythrocyte appears 
to have a more normal quota of phospholipid and free cholesterol] 
on the basis of corpuscular Composition in contrast to indications 
of lowered amounts in terms of unit weight. Outstanding are 
the cholesterol esters which are abnormally high in relapse calcu- 
lated on either basis, while in remission they fall to normal levels. 
These observations emphasize the view that in pernicious anemia, 
at least, results of analyses of the erythrocytes on the unit weight 
basis rather than on the concentration per cell may lead to erro- 
neous conclusions, a finding which will be referred to in the dis- 
cussion of minerals. 
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Irrespective of calculating analyses of erythrocytes per 100 gm. 
or per corpuscle, the percentage composition of the total lipid in 
terms of its constituent lipid fractions is the same for both and is 
therefore a measure of derangement in the lipid mixture. There 
is a low percentage of total lipid as phospholipid and a high per- 
centage as cholesterol esters in relapse (Chart I). After therapy 
there is a return to normal in both lipid fractions, the phospholipids 
increasing and the cholesterol esters decreasing. The changes in 
the free cholesterol and neutral fat are small, although the neutral 
fat fraction does show a consistent increase towards normality 
with remission. 

Minerals’—-Vhe distribution of sodium, potassium, and chloride 
in the serum and erythrocytes (milli-equivalents per liter), to- 
gether with calculations of the corpuscular composition, is pre- 
sented in ‘Pable III. All observations on the electrolyte composi- 
tion of the serum are within a normal range of variation whether 
in relapse or remission. These results are in agreement with those 
of Cameron (40) on plasma chloride, and those of Emerson and 
Helmer (41) which demonstrated no derangements of plasma 
acid-base equilibrium in pernicious anemia. 

On the other hand, abnormalities occur in the mineral com posi- 
tion of the erythrocytes, as shown in Table III and Chart II, 
particularly when the values are converted to concentrations per 
single red blood cell. As pointed out in the discussion on lipids, 
the erythrocytes are characteristically large in relapse, and there- 
fore a liter of cells includes a much smaller number than in remis- 
sion when the erythrocyte size is approximately normal; in some 
Instances only one-half the number of cells is represented in 
relapse as compared to remission. Consequently this discussion 
is confined to the corpuscular composition (XX 107 milli-equiva- 
lent per cell) which brings out differences masked in the unit 
volume concentrations. 

Sodium and potassium are elevated in the cells during relapse, 
as shown by an average of 47 and 149 & 107 milli-equivalent per 


7The normal values represent an average from values reported in 
the literature by Kramer and Tisdall (35), Oberst (36), Butler and MacKay 
(37), Hoffman and Jacobs (38), Peters (12), Maizels (39), and Frickson, 
Williams, Hummel, and Macy (9). 
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cell, respectively, as compared to the normal values of 15 and 
89 X 10~-% milli-equivalent. During the partial remission stage 
the sodium content of the cell is normal, although the potassium js 
still elevated at 117 & 107 milli-equivalent, but is only slightly 
higher than normal in remission with 104 & 10°" milli-equivalent 
per cell. The potassium content of the erythrocyte parallels the 
corpuscular hemoglobin concentrations, a relationship which has 
been noted by Hoffman and Jacobs (38). The chloride content 
of the erythrocyte during relapse and partial remission is slightly 
higher than in remission or normal. 

The abnormalities in the total cation, z.e. the sum of sodium and 
potassium content of the cells, is likewise shown in Chart I]. The 
total base is increased in relapse but diminishes under treatment 
with the attainment of approximate normality In remission. <A 
decrease of base and an increase of water in erythrocytes following 
treatment of pernicious anemia has been noted by Henderson (42) 
and Maizels (39), vet the initial level of base in relapse was re- 
ported to be low or normal. Approximate calculations® of the 
anion content of the erythrocytes, from the corpuscular hemo- 
globin, chloride, and bicarbonate, also demonstrate elevated 
values in relapse, decreasing amounts with treatment, and approxi- 
mately normal concentrations in remission (Table II] and Chart 
II). These observations indicate that in relapse the cell cation is 
increased out of proportion to the elevation of cell anion, thus 
forming a marked excess of cations, approximating 71 & 107% 
milli-equivalent per cell, as compared to normal values (12 & 107" 
milli-equivalent per cell) in partial and completeremission. Mai- 
zels (39), observing an excess of cation in the erythrocytes of 
microeytic and macrocytic anemias, has suggested the presence of 
greater amounts of an important undetermined anion \~ in 
anemia which is reduced to normal after treatment. An aug- 
mentation of excess cations in the erythrocyte bas been observed 
in other types of anemia (10), particularly in erythroblastic 
anemia. 


’ The normal concentration of bicarbonate in the cells (12) was used 
for all calculations; the combining equivalents of hemoglobin were calcu- 
lated from the corpuscular hemoglobin on the basis of 45 equivalents for 
hemoglobin per liter of normal cells (12). 
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Comment 


In a previous paper (10) the relationship of lipid and mineral 
composition to the physiological activity and structure of the 
erythrocyte in the anemias of childhood has been discussed. The 
pathological red blood cell of pernicious anemia, in which there is a 
return to normal chemical composition accompanied by correction 
of hematological abnormalities during the course of specific 
therapy, offers an additional opportunity of studying these re- 
lationships. 

Bloor and his school (43-45) have demonstrated that greater 
physiological activity in a tissue or organ is associated with in- 
ereased amounts of phospholipid and free cholesterol, and on the 
eontrary lowered physiological activity, degeneration, and retro- 
gression are accompanied by decreased quantities of these par- 
ticular lipids and augmented amountsof neutral fat and cholesterol 
esters. In this connection Gérard (46) has suggested that higher 
potassium-sodium ratios in tissues are related to a higher state of 
activity. 

In the present study, outstanding was the finding of a large 
amount of cholesterol ester in the erythrocytes of pernicious 
anemia which diminished under treatment and became normal 
with remission. The phospholipid content which was generally 
lower in relapse increased with treatment. The corpuscular 
phospholipid is elevated even above normal in the stimulated 
stage of recovery (partial remission) which is characterized by an 
influx of young cells. Free cholesterol also was found to be 
consistently higher in remission. Calculation of the potassium- 
sodium ratios of the cells gave values of 3.1, 8.3, and 8.1 for relapse, 
partial remission, and remission respectively as compared to a 
ratio of 6.1 for the normal erythrocyte. 

If one accepts the cifrrent views with regard to physiological 
activity, the lipid and mineral composition of the abnormal 
erythrocyte in pernicious anemia relapse indicates that the cells 
are not only in a state of lowered function or activity, but degen- 
erating and retrogressing. 

Although it has been pointed out that physiological activity is 
not confined to oxidative reactions alone but to all the processes of 
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cellular function (43), it is significant that respiration studies of 
the erythrocytes in severe relapse indicate diminished oxidative 
or fermentative metabolism (47). The stimulative effect of 
“respiratory supplements’? on cell respiration rates has been 
found to be lower than normal, an abnormality which has been 
attributed to alterations in the structure of the red blood cell 
membrane (48). Henderson (42) has shown that the hemoglobin 
of pernicious anemia cells has a smaller affinity for oxygen than 
hemoglobin of normal blood, thus indicating an inefficiency in the 
respiratory function of the red blood cell and its hemoglobin. 
These comments are in accord with the clinical picture of the 
disease and the changes in chemical composition effected by 
therapy. 


SUMMARY 


Coordinated hematological, chemical, and physicochemical 
observations have been made on the blood of patients suffering 
from pernicious anemia and during the course of recovery of these 
subjects after therapy. 

The chemical studies have included the complete lipid distribu- 
tion together with the sodium, potassium, and chloride content of 
the serum and erythrocytes. The chemical composition of the 
cells has been calculated in terms of the mean concentration per 
single red corpuscle, which computation brings out the importance 
of such a procedure in interpreting the results of chemical analyses 
of the erythrocytes in the blood dyscrasias. 

The serum minerals appear to be unaffected in pernicious 
anemia, but the plasma lipids are characterized by an increased 
amount of neutral fat with a concomitant deficiency of cholesterol 


esters and phospholipid, which return to normal levels after 


therapy. 

The hematological and physicochemical studies indicate that 
the macrocyte of pernicious anemia is slightly more spherical and 
that the degree of spherocity, the cell volume, and corpuscular 
hemoglobin are related. Contrary to general belief, the chemical 
composition of the erythrocytes exhibits striking abnormalities 
which are indicative of a deficient corpuscular structure. The 
red cells of pernicious anemia in relapse are characterized by the 
presence of excessive amounts of cholesterol esters and a defi- 
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ciency, particularly in terms of percentage composition, of phos- 
pholipid and free cholesterol. Both the cation and anion content 
are elevated, the former due chiefly to the increased potassium and 
the latter to a greater hemoglobin content. After therapy, the 
chemical composition of the erythrocyte becomes normal con- 
comitantly with the subsequent improvement of the hematological 
and clinical picture with remission. 

The relation of the physiological activity or function of the 
corpuscle to its chemical composition in pernicious anemia has 
been discussed in the light of the recovery in the clinical picture 
after therapy. 
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AN IMPROVED METHOD OF PREPARING HEXOSE- 
MONOPHOSPHATE FROM YEAST EXTRACT* 


By C. V. SMYTHE 
(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York) 


(Received for publication, February 8, 1937) 


The fundamental equation of fermentation in yeast extracts is 
usually considered to be the Harden-Young equation (2) which 
states 


(1) + 2PO,HM2 = 2C2H,O + 2CO, + + CeHw04( 


According to this equation there is no hexosemonophosphate 
present, but, as Harden and Young realized, the essential part 
of this equation is the equivalence between the phosphate esteri- 
fied and the CO, produced. Not all of this esterified phosphate 
is present as hexosediphosphate, as the equation would show, 
but a small part is present as hexosemonophosphate. This small 
amount of monophosphate is the source from which most prepara- 
tions have been made. 

In a recent paper (3) it was reported that the presence of any 
one of three dyes—naphtholsulfonate indophenol, rosinduline 
GG, or brilliant alizarin blue-—inhibits fermentation of glucose 
by yeast extracts under aerobic conditions, apparently by re- 
pressing the formation of hexosediphosphate. If hexosediphos- 
phate is added to the extracts containing glucose and the dye 
fermentation returns until the diphosphate added is fermented. 
However, instead of the inorganic phosphate in the solution in- 
creasing, as would be expected from the straight fermentation 
of hexosediphosphate, it decreases. The following equation is 
approximately fulfilled. 


4ROH + + 2PO,HM, = 4RPO.M, + + 
2CO: + 


(2) 


* A preliminary account of these experiments was presented (1) at the 
Thirtieth annual meeting of the American Society of Biological Chemists 
at Washington, 1936. 
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Thus the essential feature of the Harden-Young equation, the 
equivalence between the CO, formed and the inorganic phosphate 
esterified, is maintained, but no hexosediphosphate is formed. 

The purposes of the present paper are: to show that the organic 
phosphate ester formed under the influence of these dyes, the 
RPO «M, in Equation 2, is chiefly hexosemonophosphate; to show 
that utilization of this fact affords a considerably improved 
method of preparing this substance; and to show that this sub- 
stance is a mixture of glucose-, fructose-, and mannosemono- 
phosphates. 


EXPERIMENTAL 


The preparation is carried out essentially according to the 
directions of Warburg and Christian (4), which in turn are based 
on those of Robison and Morgan (5). 

The yeast used was a beer yeast kindly supplied to us by 
Ruppert’s brewery. ‘The wet yeast as it arrived from the brewery 
was wrapped in burlap and pressed with a hydraulic press at 
800 pounds pressure. ‘The cake was then spread out in thin layers 
and allowed to dry for several days at 25°. This dry yeast was 
then ground with a Hobart mill (Class DIA-130) to a fine powder 
and stored in the ice box. Extracts were prepared from this, as 
required, by treating it with three parts of distilled water at 37° 
according to von Lebedev (6). The preparation of the mono- 
phosphate was carried out at 30°. The extract was placed in a 
round bottom flask of a capacity several times greater than the 
volume of extract and gently shaken by a mechanical shaker. 
The flask was closed by a stopper carrying a dropping funnel and 
an outlet tube which was immersed in water so that the rate of 
fermentation could be estimated by the number of bubbles of 
(‘O. released. 2 gm. of glucose per 100 ec. of extract and a trace 
of diphosphate were added and the fermentation allowed to start. 
A solution containing 20 gm. of glucose, 8.8 gm. of anhydrous 
NasHPOs,, and 1.3 gm. of KH.PO, per 100 ce. was then added from 
the dropping funnel at such a rate that the fermentation was kept 
at or near the maximum rate. Such a solution is, of course, 
alkaline, but the esterification of the phosphate changes the pK 
from 6.8 to a value of 6.1 to 6.2, and this 1s sufficient to change 
the pH to the acid side. The optimum amount of this solution 
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to add has not been tested. We have varied it only from 1 to 
1.5 times the volume of yeast extract. 

In the preparation without dye, after the solution of glucose 
and phosphate has been added, the isolation of the product is 
earried out as Warburg and Christian deseribe. This consists of 
the following steps: (1) precipitation of the proteins with tri- 
chloroacetic acid, (2) precipitation of the inorganic phosphate 
and the hexosediphosphate as the barium salts, (3) precipitation 
of the monophosphate as the lead salt, (4) conversion of the 
monophosphate to the barium salt, (5) precipitation of impurities 
as mercury salts, and (6) conversion of the monophosphate to the 
calcium salt. In place of their Liquor Plumbi subacetict we have 
used Goulard’s extract. The decolorization with charcoal was 
found to be unnecessary. For details their paper should be 
consulted. 

In the dye experiments we have usually used rosinduline GG. 
This can be obtained commercially from Pfaltz and Bauer, New 
York. ‘This dye has one distinct advantage over the other two 
mentioned. ‘This is, that it does not increase the oxygen con- 
sumption of the extract. ‘The reaction that occurs is accordingly 
less complicated. ‘The experiment is just the same as the one 
without dye until half the solution of glucose and phosphate has 
been added. ‘Then the remainder of this solution and the fer- 
menting mixture are both made 5 & 10-* m with dye and the ex- 
periment is continued. ‘The rate of addition of glucose is kept 
the same as before. After it has all been added, the solution 
is treated just as the one without dye. Part of the dye precipi- 
tates with the proteins, part with the first barium precipitate, 
and part remains in solution. ‘The concentration of monophos- 
phate in the fermenting mixture is increased sufficiently by this 
procedure so that a part of it may precipitate as the barium salt 
in the 10 per cent alcohol precipitation. It is necessary, there- 
fore, to extract this precipitate with water. A precipitation of 
monophosphate in such fractions was noticed by Robison and 
Morgan (5). 

Starting with 250 gm. of dried yeast, which yields about 250 
ec. of extract--this quantity was chosen because the amount of 
material then never exceeds what can easily be handled with 
ordinary laboratory equipment-—-the best yield of monophos 
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phate, as crystalline calcium salt, that I was able to obtain 
without the use of any dye was 8.0 gm. ‘This yield is equal to 
only the lower limit of the yield reported by Warburg and Chris- 
tian. With our yeast as much as 25 per cent of this calcium salt 
may consist of a non-hexosemonophosphate. This has been 
identified (7) as glyceromonophosphate. In such a preparation 
the entire fermentation may be considered to occur according to 
Equation 1, subject to the limitations stated above. 

With the same amount of material, but with the addition of 
dye, as described above, one can obtain 25 gm. of crystalline 
calcium salt. In this preparation the diphosphate formed during 
the first half of the fermentation is converted during the second 
half into another ester, in accordance with Equation 2. As 
stated, this increases 3-fold the yield of calcium salt. ‘This cal- 
cium salt has a carbon to phosphorus ratio of a little less than 6. 
It was expected, therefore, that it consisted chiefly of hexose- 
monophosphate mixed with some glycerophosphate as in the 
experiments without dye. 

It was stated in a previous paper (7) that the conditions for the 
separation of glyceromonophosphate as a 1:1 mixture with glu- 
cosemonophosphate depended on the total ester concentration 
and on the relative concentration of the glycerol ester. When the 
latter is less than 10 per cent of the total, as it is in these dye 
experiments, the first alcohol precipitate, provided this does not 
make up more than 50 per cent of the total, may contain none 
of it. It precipitates in the middle fractions, the last one being 
again free of it. We have followed its presence by the carbon to 
phosphorus ratio. The carbon was determined by the method 
of Van Slyke, Page, and Kirk (8) and the phosphorus by the 
method of Fiske and Subbarow (9). The preparation described 
previously (7) consisted of an equimolar mixture of glucosemono- 
phosphate and glyceromonophosphate. It is not essential, how- 
ever, that the hexose in these mixed erystals be glucose. Mixed 
erystals are also formed with fruectose- or mannosemonophos- 
phates. After the glycerol ester has been removed as this 1:1 
mixture with hexosemonophosphate, the remainder is our mono- 
phosphate preparation. Since the amount of glycerophosphate 
present never exceeds 10 per cent of the total calcium salt, there 
are left, after its separation, about 20 gm. of hexosemonophosphate. 


i f 
| 
tt | 
| 
1 
a  é§§ 


C. V. Smythe 623 


This is from 4 to 5 times as much as is obtained without dye 
after the same kind of fractionation. 

In spite of the improved yield, however, the amount of phos- 
phorus isolated as hexosemonophosphate is only a small part. of 
the total phosphorus present. The statement that the reaction 
in the presence of the dye follows Equation 2 is based, therefore, 
not on this isolation but on experiments of which the following 
is an example. In the usual Warburg manometric apparatus, 
an amount of diphosphate equivalent to 807 e.mm. of COns, if 
completely fermented, was added to a yeast extract containing 
rosinduline GG and glucose. 856 ¢.mm. of CO. were produced 
before the fermentation practically ceased. During this fer- 
mentation 1.24 mg. of phosphorus disappeared from the inorganic 
phosphate of the solution. If we express phosphorus in ¢.mm. 
as if it were a gas (31 gm. = 22.4 liters), so that it can be com- 
pared directly with the COs, the 1.24 mg. are equal to 896 ¢.mm. 
Thus Equation 2 is approximately fulfilled. The hydrolysis 
curve of the organic phosphate present indicates that most of it 
belongs to the difficeultly hydrolyzable fraction. It is only 20 
per cent hydrolyzed in 1 hour in 1.0 N HeSO, at 100°. 

In the large scale experiments hexosemonophosphate can be 
isolated in amounts equal to 10 per cent of the total phosphorus, 
although we know that when the experiment is stopped a large 
part of the phosphorus is present as inorganic phosphate, some 
as hexosediphosphate, and some as glycerophosphate, and also 
know that the isolation involves considerable losses. This fact 
justifies, we believe, the statement that hexosemonophosphate 
is the chief product formed. 

The analysis of this monophosphate after drying in vacuo over 
CaCle is as follows: 


Pregl,! 4.949 mg. sample + K.Cr.O;7. 3.881 mg. COs, C 21.39%; 2.012 mg. 
H.O, H 4.55°% 
Van Slyke, 2.042 mg. sample, PCO, 312.7 mm., T 25°; C 0.4372 mg., 21.41% 


The calcium (de Waard (10)) is 11.78 per cent. The phosphorus 
(Fiske and Subbarow (9)) is 8.95 per cent. 


1 We are indebted to Dr. Goldforb in the laboratory of Dr. M. Bergmann 
for this analysis. 
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© H P Ca 
Calculated for C,.H,,0,PCa-2H.O. 21.55 4.49 9.28 11.98 


Different preparations and different fractions from one prepara- 
tion vary only slightly around these values. The water content 
is, of course, the most variable part. 1 of the 2 water molecules 
ean be removed by prolonged drying over P2O;. When 2 water 
molecules are present, the substance is stable in air. The aldose 
value (iodometric titration) (11) of different samples varies con- 
siderably. It has never been found to be higher than 75 per cent 
and it may be as low as 56 per cent. The specific rotation is 
also low in comparison to that of glucosemonophosphate. When 
determined by dissolving 50 to 60 mg. in 1.0 ce. of 1.0 N HCl, it 
is around +20° for the D line. The Hagedorn-Jensen value is 
independent of the aldose value. Determined by using NaOH 
as the alkali, as suggested by Robison and Morgan (5), it is always 
SO per cent that of glucose (7.e. equal to that of glucosemonophos- 
phate). When determined with NagCQs; as the alkali, it is a few 
per cent less. The preparations contain some relatively easily 
hydrolyzable phosphate; e.g., a preparation with an aldose value 
of 60 per cent is 17.5 per cent hydrolyzed in 3 hours with 1.0 nN 
H.SO, at 100°. The Seliwanoff reaction, carried out as described 
by Roe (12), is positive. For example, the preparation just men- 
tioned shows 22 per cent ketose. This value is in agreement 
with the supposition that the easily hydrolyzable phosphorus 
is present as fructosemonophosphate. 

The above data indicate that the preparation contains glucose- 
and fructosemonophosphates, but the properties cannot be ex- 
plained on the basis of these two alone. At least one other 
substance must be present. This substance must have the analy- 
sis of a hexosemonophosphate. It must have the same reducing 
power toward ferricyanide in the presence of NaOH that glucose- 
and fructosemonophosphates have, but it must have a lower 
aldose value and a lower specific rotation than glucosemono- 
phosphate. These are precisely the properties which Robison 
(13) and Jepheott and Robison (14) ascribe to mannosemono- 
phosphate. They report that it titrates only about 60 per cent 
as aldose and has a much lower rotation ({a |i *"4 = +15.1°). 
They also show that mannosemonophosphate forms an insoluble 
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phenylhydrazine salt of the phenylhydrazone and may be ob- 
tained in this way from a mixture with the glucose- and fructose- 
monophosphates. Our preparations readily form an almost 
insoluble hydrazone at room temperature. After being recrystal- 
lized twice from 75 per cent alcohol, it melts at 144° with a pre- 
liminary darkening beginning at about 135°. The melting point 
reported (14) is 144—144.5°. Our preparation, therefore, contains 
mannosemonophosphate. However, we obtained this hydrazone 
in a yield of only 7.0 per cent of the phosphorus present. If we 
assume that the amount present was far greater than this yield, 
then the properties of our preparations can be explained on the 
basis of a mixture of glucose-, fructose-, and mannosemonophos- 


phates. Thus the preparation with an aldose value of 60 per 


cent and a ketose value of only 22 per cent would have to con- 
tain glucose and mannose in about equal parts. This would also 
account for the — +20.2°. 


SUMMARY 


An improved method of preparing hexosemonophosphate from 
yeast extracts is described. This preparation is shown to be a 
mixture of glucose-, fructose-, and mannosemonophosphates. 
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THE EFFECT OF CYSTEINE ON HEREDITARY HYPOTRI- 
CHOSIS IN THE RAT (MUS NORVEGICUS) 


By k. ROBERTS 


(From the Laboratory of Animal Genetics, Department of Animal Husbandry, 
University of Illinois, Urbana) 


(Received for publication, January 29, 1937) 


In a very interesting paper Martin and Gardner (1) reported 
that the administration of cystine stimulated hair growth in 
the hypotrichotic rat and cysteine produced a complete coat of 
hair within 2 weeks, which was maintained for 1 month, at which 
time the experiment was discontinued. 

In 1931 some of our hypotrichotice rats were fed cystine in our 
laboratory of animal nutrition! with negative results. 

Since the publication of Martin and Gardner’s work, twenty- 
four hypotrichotic rats have been fed cysteine hydrochloride, the 
results of which are given in Table |. These animals were paired 
with litter mates of the same sex for controls. Fourteen of the 
twenty-four pairs were males and ten were females. Among our 
stock animals a great deal of variation in hair growth has been 
observed, the ability to grow hair decreasing with age. Also the 
amount of hair varies with families. This makes it desirable to 
have, as controls, animals of the same age, sex, and of as nearly 
the same breeding as possible. 

The stock ration, essentially the same as used by Martin and 
Gardner, contained the following ingredients. 


gm. gm. 
Casein (crude)........... 1® Copper sulfate. ......... 2 


This work was done by Dr. D. B. Smuts, Onderstepoort, Pretoria, South 
Africa, 
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| In some of the tests the cysteine was dissolved in water and 

i | dropped on the stock diet. In the others dry cysteine hydro- 

| y chloride was fed with the ration. In all cases the cysteine was 
- consumed in a few hours. : 

it The cysteine hydrochloride was prepared by the Division of | 
- Organic Chemistry, University of Illinois. It was shown by tests 


that oxidation of the eysteine hydrochloride before consumption 


did not oeceur. 
TABLE | 
; | Comparative Analyses on Hypotrichotic Rats Fed Cysteine Hydrochloride } 
} There was no increase in the amount of hair. 
No. of pairs Initial age No.of days fed to 
3 | each pair 
oes 5 | 48 | 35 | 5* 
i 3 | 42 35 | 5* 
if 2 | 37 35 | 5 
its 5 | 31 21 | 6.54 
i 3 | 30 21 6.5t 
: 2 | 30 21 6.5% 
: 2 | 28 21 6.5t 
4 2 | 30) | 17 6.57 
i= * Dissolved in distilled water. After 18 days fed 6.5 mg. for 17 days. | 
4a + Dissolved in distilled water first 7 days. Fedin dry form 14 days. 
Dissolved in distilled water. | 
DISCUSSION 
| | I have no explanation for the negative results obtained in this 
i experiment when positive results were found by Martin and 
a Gardner. The rats used by Martin and Gardner came from 
7) stock sent to the Johns Hopkins laboratory from our laboratory. | 
: | Since that time our stock has been crossed with the hypotrichotic 
tf mutant strain originating at the Ohio Experiment Station, de- 
} i scribed by Wilder, Bethke, Kick, and Spencer (2). These two 
i t strains, however, are the same genetically (Roberts (8,4) and Feld- 
i man (5)). Unpublished breeding tests in our laboratory also 
if confirm this. | 
| Martin and Gardner interpret their results as an indication of 
i ih a hereditary absence in the hypotrichotic rat “of an enzyme capa 
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ble of breaking glutathione or other peptide linkages involving 
sulfur-contamung groups into the constituent amino acids.”’ 

Skin from a normal rat transplanted to a hypotrichotie one 
will grow and maintain normal hair (Fig. 1). 

If the conelusion of Martin and Gardner is correct, it follows 
that cells of the skin possess the funetion of breaking these com- 


hig. 1. Showing normal hair produced on skin from a normal rat trans- 
planted to a “hairless rat.” 


hic. 2. Female 4405 was hairless at 5 weeks of age but later regained a 
normal growth which was retained throughout life. Discarded at the age 
of 621 days. Its genetic constitution was Hh. 


pounds into the constituent amino acids; otherwise the normal 
skin transplant on the hypotrichotie rat would not maintain 
normal hair, if eysteme is necessary for hair growth. The result 
of the transplant indicates that the cause of the hypotrichotic 
eondition in the rat, whatever it may be, lies in the skin itself, 
Qne animalin our laboratory, which in its early life was as hair- 
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less as any we have had, later grew a normal coat of hair and 
maintained it for several months until death (Tig. 2). In 
testing the genetic constitution of this animal by mating with a 
“hairless” (hh) one it was found to be heterozygous (Hh), produe- 
ing both Hh and hh offspring. This suggests the possibility of a 
genetic level or threshold below which an Hh individual may not 
havea normal coat of hair. This is the only case among hundreds 
of animals which we have had behaving in this manner, and there- 
fore would be an improbable explanation of the differences in our 
results, 


SUMMARY 


Krom these controlled feeding experiments no evidence was 
obtamed that cysteine hydrochloride added to a complete stock 
diet affected growth of hair in the hypotrichotic rat CWus norve- 
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THE SULFUR DISTRIBUTION AND BASIC AMINO ACIDS 
OF LIMULUS HEMOCYANIN 


By ABRAHAM MAZUR 


(From the Department of Biological Chemistry, College of Physicians and 
Surgeons, Columbia University, New York) 


(Received for publication, February 15, 1937) 


Little is known of the forms in which sulfur is combined in 
the hemocyanin of Limulus polyphemus. The figures for nitro- 
gen distribution secured by Van Slyke (1) indicate the presence 
of 1.10 per cent of cystine in the protein; this corresponds to less 
than 27 per cent of the total sulfur on the basis of the value 
(1.10 per cent) determined by Hernler and Philippi (2), and to an 
even smaller proportion of that (1.56 per cent) reported by Als- 
berg and Clark (3). 

The experiments here reported indicate that of the 1.22 per 
cent of sulfur in the sample of hemocyanin examined, 0.52 or 
47.5 per cent is in the form of cystine and 0.60 or 49 per cent is in 
the form of methionine; the remaining 3.5 per cent is converted 
into hydrogen sulfide on reduction by hypophosphite in hydriodic 
acid. According to Conant, Dersch, and Mydans (4) the black 
pigment produced by the action of alkali upon hemocyanin con- 
tains neither methionine nor cystine, but gives up all its sulfur, 
in the elementary form and as copper sulfide, on boiling with 
acid; this fraction may conceivably be the same as that responsi- 
ble for the hydrogen sulfide. 

The total nitrogen content of hemocyanin is found to be 17.5 
per cent, in good agreement with the figure (17.3 per cent) re- 
ported by Redfield, Coolidge, and Shotts (5), and higher than the 
values found by other workers: 16.9 (Hernler and Philippi), 16.18 
(Alsberg and Clark). Determination of the basic amino acids 
by the micromethod of Block yields values (Table 1) for arginine 
and lysine in fair agreement with those reported by Van Slyke 
(1) and by Roche and Jean (6); that for histidine, however, is 
only about one-half of those previously recorded. 
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632 Iiamulus Hemocyanin 


EXPERIMENTAL 


The Limulus hemocyanin was a highly purified product kindly 
furnished by Professor A. C. Redfield in the form of a 10 per cent 
aqueous solution. The protein was precipitated with 5 volumes 
of absolute alcohol, washed with ether, and dried over phosphorus 
pentoxide im vacuo. Analyses showed 17.5, 17.5 per cent (Kjel- 
dahl) of nitrogen, and 1.22, 1.21, 1.22 per cent (Pregl), 1.23 per 
eent (Zahnd-Clarke) of sulfur. 


TABLE I 


Percentage Basic Amino Acids from Limulus Hemocyanin 


Roche and Present 
Van Slyke* Jean report 
7.84 6.85 6.37 
wk 7.83 | 9 08 4.52 


* The figures attributed to Van Slyke have been calculated on the 
assumption that his hemocyanin contained 16.04 per cent of nitrogen, the 
value indicated by his own data. 


Cystine} 


A sample of the dried protein weighing 0.7852 gm. was heated 
with 10 ec. of 20 per cent hydrochloric acid at 135° in an oil 
bath for 8 hours in an all-glass reflux apparatus. The hydrolysate 
and washings were diluted to 25 ec. and filtered. Aliquots of 
this solution were used for the Sullivan and Folin-Marenzi deter- 
minations. 

Sullivan Method—2 ce. aliquots of the above hydrolysate were 
treated according to the modification of the Sullivan method by 
Brand, Harris, and Biloon (7), use being made of the photoelectric 
colorimeter. Values were obtained of 1.83 and 1.86 per cent, 
average 1.85 per cent, of cystine, corresponding to 0.49 per cent 
of cystine sulfur. 

Folin-Marenzt Method—1 ce. aliquots of the same hydrolysate 
were treated according to the method of Folin and Marenzi as 
modified by Kassell (8), the Pulfrich photometer being employed. 
No cysteine was detected. Both determinations gave values of 

‘The author wishes to express his thanks for the aid given by Miss 


Beatrice Kassell and Dr. E. Brand in the determinations performed by 
their modifications of the methods of Folin, Sullivan, and Baernstein. 
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1.94 per cent cystine, corresponding to 0.52 per cent of cystine 
sulfur. 


Methionine and Cystine 


Baernstein Method (9)—The hemocyanin was extracted thor- 
oughly with light petroleum and dried in vacuo over phosphorus 
pentoxide at 100° to remove any trace of alcohol or ether, which 
would yield volatile iodide. Samples (0.257 and 0.260 gm.) of 
this product were treated with 10 ce. of 57 per cent hydriodic 
acid and the cystine was determined as cysteine by tetrathionate 
titration. Corrected values of 1.96 and 1.91 per cent were ob- 
tained, average 1.94 per cent, of cystine or 0.52 per cent cystine 
sulfur. Determination of the volatile iodide in the duplicate 
determination gave identical corrected values of 2.76 per cent 
methionine or 0.60 per cent methionine sulfur. Determination 
of the methionine as homocysteine (formed by the action of the 
hydriodic acid) gave corrected values of 2.54 and 2.52 per cent; 
average 2.53 per cent methionine or 0.54 per cent methionine 
sulfur. This value is known to be less reliable than that obtained 
from the volatile iodide, but serves asa check. The “sulfate 8,” 
determined in the Baernstein method as hydrogen sulfide, gave 
duplicate corrected values of 0.08 per cent. 

Alkali-labile sulfur was determined on the dry protein accord- 
ing to the procedure of Blumenthal and Clarke (10). Values 
of 0.50 and 0.52 per cent, average 0.51 per cent, were obtained. 
This figure corresponds well with those for eystine sulfur. 

Nitric acid-oxidizable sulfur was determined by the method 
of Blumenthal and Clarke (10). Duplicate determinations gave 
values of 0.54 and 0.52 per cent, average 0.53 per cent. This 
value also checks with the eystine sulfur figures. 

No sulfate was produced by the action of bromine (10). 

The total sulfur accounted for as methionine (0.60 per cent), 
cystine (0.52 per cent), and “‘sulfate S’’ (0.08 per cent) equals 
1.20 per cent. This corresponds very well with the total sulfur 
(Pregl) of hemocyanin (1.22 per cent). 


Basic Amino Acids 


These were determined according to the method of Block (11), 
2.50 gm. portions of protein being hydrolyzed with 25 ec. of 1:3.5 
sulfuric acid for 24 hours. 
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Histidine—Yield, 566.7 mg. and 574.2 mg. of histidine diflavi- 
anate, corresponding to 4.49 and 4.55 per cent of histidine respec- 
tively; average 4.52 per cent. 

Arginine— Yield, 452.8 mg. and 439.4 mg. of arginine mono- 
flavianate, corresponding to 6.46 and 6.27 per cent of arginine; 
average 6.37 per cent. 

Lysine—Yield, 577.2 mg. and 565.9 mg. of lysine picrate, cor- 
responding to 9.00 and 8.83 per cent of lysine; average 8.92 per 
cent. 


The author wishes to express his thanks to Professor H. T. 
Clarke for suggesting this problem, and for his encouragement and 
advice. 
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BLOOD AS A PHYSICOCHEMICAL SYSTEM 
XI. MAN AT REST 


By D. B. DILL, H. T. EDWARDS, anno W. V. CONSOLAZIO 


(From the Fatique Laboratory, Morgan Hall, Harvard University, Boston) 
(Reeeived for publication, February 13, 1937) 


Our knowledge of the physicochemical properties of human 
blood has been extended in several directions in recent years. 
A tabular description of oxygenated blood has been given by 
Henderson, Dill, Edwards, and Morgan (1) (Paper X of this 
series). Weare indebted to Roughton (2) for much new informa- 
tion about carbamino-CO, (HbCO.); estimates of its concentra- 
tion in oxygenated and reduced cell hemolysate have been made 
by Ferguson and Roughton (3) and by Ferguson (4). The revi- 
sion by Dill, Daly, and Forbes (5) of the pl\’ values for oxygenated 
and reduced cells makes possible a recalculation of the cell pH 
and of its change in the respiratory cycle. These advances, to- 
gether with new data dealing with the distribution of electrolytes 
between serum and cells, have been used in this paper to synthe- 
size a description of normal human blood by the method of 
Henderson (6). 

It is planned to use this study as a basis of reference for deter- 
mining the effects of high altitude on the physicochemical proper- 
ties of the blood. Accordingly, we have used as subjects, in so 
far as they were available, the members of the International High 
Altitude Expedition of 1935 either before or several months after 
their stay in high altitudes. 

The methods used for equilibration of blood and its analysis 
in the Van Slyke apparatus have been described before (6). The 
oxygen-combining power of blood is determined on the Van Slyke 
apparatus after equilibrating the blood with air for 20 minutes at 
20°. Dissolved oxygen is estimated from the solubility factor 
established by Sendroy, Dillon, and Van Slyke (7). Water con- 
tent of serum and cells is determined on weighed samples by 
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drying to constant weight at 110°. Serum protein is determined 
by micro-Kjeldahl analysis. Other methods used are for chloride, 
that of Van Slyke (8); for sodium, Butler and Tuthill (9); for 
potassium, Shohl and Bennett (10); for caletum, IKkramer and 
Tisdall (modified by Clark and Collip (11)); and for lactic acid, 
Friedemann, Cotonio, and Shaffer (12). 

Venous blood for studying the distribution of amions between 
serum and red cells was obtained from fourteen men of whom 


1.0 


09 


P (REDUCED) 


© 


@ 


~ 


{OXYGENATED) 


| 


Fic. 1. The distribution of combined CO, between cells and serum of 
human blood in relation to pH and degree of oxygenation. The squares 
correspond to experiments of 1930-31; the circles, 1935-36. 


seven made the Chilean trip. The distribution of combined 
CQO,! in relation to pH, and oxygenation, determined in samples 


r = epresents the -rence 
HCO; ( H (Hy ). Vnere 3) represen 1e aikerence 


between total CO». and free CQO); it includes all forms of combined CQs,. 
Concentrations of electrolytes are expressed in this paper in milli-equiva- 
lents. The subscripts c, s, and b refer to cells, serum, and blood, respec- 
tively. Concentration of water is in gm. per liter of serum or of cells. 
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equilibrated with suitable mixtures of COQ, and Os, is shown in 
Fig. |. The straight lines have been fitted in accordance with 
the usual regression equation. The curve for oxygenated blood 
fits the values given in Paper X very closely. The value for 
raco,; at PH, 7.38 is 0.790 according to our data, 0.799 according to 
Paper X, and 0.786 according to Hastings, Sendroy, MeIntosh, 
and Van Slyke (13). While no such comparison is possible in 
the case of reduced blood, the deviation of points from the line 
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Fic. 2. The distribution of chloride between cells and serum. The 
squares correspond to experiments of 1980-31; the circles, 1935-36. 


is of the same order of magnitude as in oxygenated blood. The 
notable feature of the pair of curves is their wide divergence in 
the alkaline range, a characteristic not in accord with the theory 
proposed by Van Slyke, Wu, and MeLean (14). The significance 
of HbCOs in this connection will be discussed below. 

The distribution ratios for the chloride ion are shown in Fig. 2. 
The curves, derived from the data in the same manner as those 
of Fig. 1, are in better accord with the theory of Van Slyke, Wu, 
and McLean (14) than are the corresponding curves for combined 
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COs. According to their theory, r for anions has a value of 0.73 
in oxygenated blood at a pH, of 7.38. Our corresponding value 
for rq 1s 0.682 and that of Hastings, Sendroy, McIntosh, and 
Van Slyke (13) is 0.689. The points for re in reduced blood show 
no great deviation from the line; the precision of the analytical 
methods used seems to be independent of the degree of oxygen- 
ation. 

The pH of red cells, pH., has been calculated by use of the 
Henderson-Hasselbalch equation with the values for pK’. given 
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Fic. 3. Smoothed curves representing the distribution of combined COg, 
chloride, and the hydrogen ion. 


by Dill, Daly, and Forbes (5). The distribution of the hydro- 
gen ion in relation to pH, has then been calculated. ‘The smooth 
curves of Fig. 3 show the results of the calculation. Comparison 
may be made with corresponding curves for ryco, and rq. We 
see that ry 1s unique in that the value for reduced blood is less 
than that for oxygenated blood in the alkaline range. 

The foregoing experiments provide a basis for calculating the 
effect of oxygenation on the base-binding capacity of hemo- 
globin. In one series of experiments CO, dissociation curves were 
derived for normal blood and blood with more or less than the 
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usual proportion of hemoglobin. In each of six such experiments 
(BHCOs), was plotted as a function of pH, in the oxygenated 
and reduced states. From the curves drawn through these 
points values were derived for A(BHCQs;),, the increment in base 
bound due to oxygenation of hemoglobin, at pH, values of 6.8, 
6.85, 6.9...8.0. After the results were tabulated, the means 
shown in lig. 4 were obtained. In another series of experiments 
on normal blood from ten men, of whom seven were in the Chilean 
party, equilibration was carried out at pH, values near 7.1 and 
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hia. 4. Effeet of pH, on base-binding capacity of whole blood 
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hic. 5. The relation between pH, and cell volume in oxygenated and 
reduced blood. 


7.7. The means for A(BHCQ;), derived from these experiments 
are shown in Fig. 4. The weighted curve gives a satisfactory 
measure of the effect of oxygenation on the base-binding capacity 
of human blood in the physiological range. 

In the set of ten experiments just referred to we have obtained 
a measure of the effect of pH, on cell volume in both the reduced 
and oxygenated states. The curves given in Fig. 5 correspond 
to the averages of these measurements. 

Observations necessary for setting up a standard for resting 
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blood are containedin Table Il. These specimens of arterial blood 
represent nine of the ten members of the high altitude party and 
three other men frequently used as experimental subjects. A few 
comparisons with other studies in the literature may be useful, 
The HbQO, capacity is slightly less than that reported by Price- 
Jones (15) for twenty men, with the same method. The pH and 
the total CO. of blood and serum are close to the means for 
thirty-nine men reported by Shock and Hastings (16). The pCO, 
is considerably lower than theirs, but this is in part due to differ- 
ence in methods; if their data are recalculated to 37°, a mean 
pCO, of about 42 mm. is obtained. 

The relation between total Hb of blood, measured in mm» of 
combined Os, and V,, the volume of cells in 1 volume of blood, 
which may be derived from Table I, will prove useful at a later 
time. For arterial blood it is 


V. = 0.05 (total Hb) (1) 
The corresponding relation for serum volume is 
V, = 1 — 0.05 (total Hb) (2) 


The changes in composition of standard blood with changes in 
pH, may be ealeulated from Table I and Figs. 1 to 5 by using 
as a beginning the synthetic method developed in Paper X. 

The titration curve for a solution of HbO. of 9 m™M concentra- 
tion is calculated from Table I, Column 7, of Paper X and tabu- 
lated as in that table tor pH, values 6.8, 6.85 ...8.0. The titra- 
tion curve for plasma 1s calculated from Column 5 of the same 
table, the standard value of 39.8 gm. of protein per liter of blood 
being used. This value is derived from our Table I by multi- 
plying the concentration of protein in plasma, 72.2 gm. per liter, 
by the plasma volume, 0.5517. 

The two titration curves may then be added, giving a titration 
eurve parallel to that of the specimen of blood in question. 
This titration curve is then transformed to a COs. dissociation 
curve on the assumption that the base for neutralizing carbonic 
acid is all supplied by protein; that is, ABP = —ABHCQs. It is 
convenient to subtract each value for BP from the value of BP 
at the most alkaline pH,, 8.0. This curve may then be brought 
to the level of the “‘standard” blood in question by reference to 
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our Table I which shows that arterial blood contains 20.69 milli- 
equivalents of combined CO, at a pH, of 7.40. Fully oxygenated 
blood at the same pH, contains slightly less, 20.51 milli-equiva- 
lents. Accordingly, the synthetic dissociation curve is brought 
to this level. 

The next step consists in calculating the value for combined 
CQO, in serum for each pH, value. For this purpose values for 
serum volume, V,, and cell volume, V,, are tabulated in accord- 
ance with Fig. 5, and values for serum water, (H.O),, and cell 
water, (H:O)., calculated from these values and the standards 
given in Table I. This is an algebraic calculation based on the 
facts that (a) (H2O), and (HO). are known for a given pH, value, 
7.40; (6) (HO), is a constant which can be calculated from 
Table I; and (c) changes in V. are due solely to movement of 
water between serum and cells. Values for ryco, in oxygenated 
blood are then tabulated from Fig. 1. (BHCO,), is then caleu- 
lated as follows: 


(BHCOs). _ (HO), 


GLO), 


(H.0), 

BHCO;), = r — BHCQ;), = BHCQ;), 4 
( 3) r (HO), ( 3) fi ( ) (4) 
(BHCQOs;).Ve + (BHCOs).V, = (BHCO;), (5) 

BHCOQO,;), BHCOQ;), V, 

Ve 

= © — f,(BHCOs), (6) 


From Equations (4) and (6) we obtain 


fi (BHCOs), + fe (BHCOs;), = C 


(BHCO;), ——— 
fi + fe (7) 


Krom Equation 7 and the values already tabulated (BHCQOs), may 
be calculated for each value of pH,. 

We have next to calculate (HeCQOs;),. This is derived from the 
values for pH, and (BHCQOs;), with the Henderson-Hasselbaleh 
equation in which ph’, = 6.11. Values for pCO, are obtained 
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from the relation 
H.CO; = 0.0334 (H.O),pCO, (8) 


in which 0.0334 is the solubility factor for CO, in serum water at 
37°. (HeCOs3), 1s calculated by use of the following factor which 
takes into account the solubility of COs, in cells and in serum as 
well as their relative proportions. 


Milli-equivalents (H,COs;), = [0.0334 (H.O),V, + 0.0362 pCO: (9) 


For standard human blood the factor in brackets is 0.0290. 

(Total CO,), and (total COs,), are then obtained by addition, 
giving the familiar CO, dissociation curves of oxygenated whole 
blood and of the corresponding true plasma. 

Using Fig. 4 we next tabulate the values for A(BHCQO;), due 
to reduction of HbO,» at pH, values 6.8, 6.85...8.0. The sum of 
(BHCQs;), of oxygenated blood and of A(BHCQO;), at each pH, 
gives the concentration of (BHCQO3), in reduced blood. Exactly 
the same procedure is then followed for reduced blood as that used 
for oxygenated blood. The BHCQO; and free CO, of oxygenated 
and reduced cells may be derived in simple fashion and, from 
these values and pk’., pH. may be calculated. 

This synthetie method, although much more laborious, gives 
a more representative description of the COs, dissociation curves 
than can be had from the examination of a single specimen of 
blood. With this description at hand the nomogram shown in 
Fig. 6 has been constructed according to Henderson’s method (6). 

The curve on this nomogram representing pOs is based on the 
oxygen dissociation curve of the blood of A.V.B. described by 
Dill, Edwards, Florkin, and Campbell (17). The pH. values were 
altered to conform to the new pK’, values and the curve is shifted 
to pass through the oxygen tension of 26 mm. at half saturation. 
at the reaction of arterial blood. This is the mean value reported 
by Ikeys, Hall, and Barron (18) for nine members of the Chilean 
party at sea-level. 

The line representing arterial blood in Fig. 6 is drawn to con- 
form to Table I. In drawing the line for venous blood we have 
employed Grollman’s measurements of cardiac output (19) which 
indicate that the oxygen transport in rest is 5.90 volumes per cent 
or 2.65 mM per liter. With an R.a. of 0.82 the total CO, transport 
is 2.17 mm per liter. 
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Fic. 6. Nomogram for human blood 
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The concentrations of various substances in arterial and venous 
blood are given in Table II. In Table II base bound by serum 
protein is calculated from the data of Van Slyke, Hastings, Hiller, 
and Sendroy (21). 


BP, = 0.104 (gm. protein) (pH, — 5.08) (10) 


The equations commonly used for calculating BP. in oxy- 
genated and reduced blood are those of Van Slyke, Wu, and Me- 
Lean (14) derived from studies of solutions of horse hemoglobin, 
We have developed equations for human red cells based on the 
assumption that the pH, of minimal base-binding is the same for 
the two species. With the revised ph’. used in this paper the 
pH, of minima! base-binding is 6.63 in the oxygenated state and 
6.70 in the reduced state. The corresponding pH. values are 
6.628 and 6.756. If 0.516 1s subtracted from each of the values 
in Column 6 of Table I, Paper X, data are obtained for a titration 
eurve of HbOs which passes through the point pH, = 6.628 and 
BP, = 0. The following equation accords very closely with 
this titration curve. 


BP, = HbO, [—0.5 (pH-.)? + 10.625 pH. — 48.46] (11) 
The equation similarly derived for reduced hemoglobin is 
BP. = Hb [—0.214 (pH.)? + 6.207 pH. — 31.97] (12) 


In these equations BP,., the base bound by hemoglobin and 
other non-diffusible constituents of cells, 1s expressed in milli- 
equivalents. The concentration of oxyhemoglobin, HbOs, 1s 
expressed in terms of mm of combined oxygen per liter of blood. 
The millimolar concentration of reduced hemoglobin, Hb, is the 
difference between the oxygen-combining capacity and the com- 
bined oxygen present. 

The value given for base of serum in Table II is derived from 
the mean values given for Na, K, and Ca in Table I and an as- 
sumed value for Mg of 2 milli-equivalents per liter of serum. 
Cell base is taken as the sum of Na and Kk plus an allowance of 
2 milli-equivalents for Mg. BX is the difference between the sum 
of the four cations and the sum of determined anions. Its value 
would be 0 if all cations and all anions were determined correctly. 

It is not possible to represent HbCO, within the range of this 
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nomogram because of the peculiarity of its behavior; the smallest 
value for HbCO, in reduced blood exceeds the largest value in 
oxygenated blood. The concentrations shown in Table II are 
calculated from Ferguson’s data (4). According to him, the 
transport of COs in dilute hemolysate of human cells may be 
expressed by the relation dHbCO./dHbO, = —0.24. In the re- 
spiratory cycle with an oxygen transport of 2.65 mm, the trans- 
port of COs as HbCOs is 0.63 milli-equivalent. Ferguson esti- 
mates that fully oxygenated hemolysate with the same oxygen 
capacity as normal blood contains 2 to 7 per cent of its COs as 
HbCO,. If 5 per cent is taken as a fair figure for arterial blood, 
its HbCO, content is 1.09 milli-equivalents and that of venous 
blood is 0.63 greater or 1.72 milli-equivalents. If these calcula- 
tions are correct, the HbCOs, content of arterial cells is 14.8 per 
cent of their total CO. and of venous cells, 20.5 per cent. 

These estimates of HbCOs have been used to caleulate the dis- 
tribution of other forms of combined COs between cells and serum. 
The distribution ratio in arterial blood for combined COs other 
than HbCOsz is the same as for the chloride ion, 0.67. In venous 
blood, however, the ratio is 0.62, which is much less than for 
chloride. If one assumes that 0.70, the chloride ratio for venous 
blood, also measures the distribution of non-carbamino-CQO,, the 
HbCO. content comes out 1.25 milli-equivalents. This repre- 
sents only 15 per cent of the total CO. content of cells and pro- 
vides for very little transport of carbamino-CO,.. If no mistake 
has been made in applying Ferguson’s data on reduced hemolysate 
to partially reduced blood, the idea that the distribution of non- 
earbamino-C(). is the same as that of chloride is untenable. 
However, it must be borne in mind that the applicability of 
Ferguson’s measurements to whole blood has not been tested 
experimentally. The opportunity which exists for dividing the 
transport of CO». between cells and serum introduces complica- 
tions which do not exist in homogeneous hemolysate. Further- 
more, it is conceivable that in the brief period of the respiratory 
eycle an equilibrium is not reached between serum and cells in 
regard to the various forms of combined COs. There exists the 
possibility that redistribution of tons between cells and plasma 
occurs after blood is drawn from the body even when escape of 
COs is prevented. 
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SUMMARY 


The distribution between cells and serum of combined CO, 
(Fig. 1) and of chloride (Fig. 2) has been deseribed. The effect 
of oxygenation on the base-binding capacity of human hemo- 
globin has been measured (Fig. 4). Arterial blood has_ been 
described on the basis of samples from twelve men (Table I) and 
a synthetic method such as that developed by Henderson has 
been used to describe the relation between oxygenated and re- 
duced blood (Fig. 6) and between arterial and venous blood 


(Table IT). 
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It is the purpose of this paper to present data on electrolytes 
of blood at high altitudes and to develop a synthetic description 
of blood of man after he has become acclimatized to an altitude 
of 5.384 km. Detailed observations used in this synthesis have 
been published elsewhere in connection with other studies made 
by the high altitude expedition to Chile in 1935. Reference may 
be made to Talbott (1) for blood morphology; to Hall (2) and to 
Keys, Hall, and Barron (3) for measurements of affinity of hemo- 
globin for oxygen; to Dill, Christensen, and Edwards (4) for 
studies of gas equilibria in the lungs; to Talbott and Dill (5) for 
blood pictures in normal and sick residents; to Edwards (6) for 
blood lactate determinations; and to Forbes, Keys, and Hall 
(7) for pH measurements. Keys (8) has given a descriptive ac- 
count of the expedition and made acknowledgments of grants 
in ald. 

The nomenclature and chemical methods used are the same 
as in the preceding study, Paper XI. Serum! and cells of arterial 
blood treated with heparin were obtained by centrifugation in a 
No. 1 p.c. International centrifuge. A commercial power unit 
consisting of a gasoline engine and a b.c. generator of 250 watts 
capacity operated the centrifuge satisfactonly except at the high- 
est laboratory station, 5.34 km. Here, on account of the cold and 
low oxygen, starting was difficult and the power output barely 
adequate. 

After centrifuging under oil, the COs. content of serum was 

1 The word ‘‘serum’’ in this paper is used to describe the fluid separated 
by centrifugation from blood treated with heparin. 
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determined. ‘The cells and serum were then transferred sepa- 
rately to ampules and a crystal of thymol added. The ampules 
were sealed off and in this state the samples were kept as cold as 
possible until their analysis after our return to Boston. Most 


© AT CHUQUICAMATA (2.81 KM,) 
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Fic. 1. The distribution of combined CO, and of chloride between cells 
and serum of oxygenated blood. The observations were made on arterial 
blood without equilibration and calculated to the fully oxygenated state, 


the effects of oxygenation on distribution reported in Paper XI (9) being 
used. 


samples reached Boston in good condition, although sampling 
of some was difficult because denaturation and precipitation of 
proteins had occurred. 

Distribution of Electrolytes between Serum and Cells—-The dis- 
tribution ratio for combined COs, ryco,, has been calculated from 
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measurements made in the field of cell volume and of total CO. 
in arterial blood and serum. Free CO. was estimated as de- 
scribed in Paper XI (9). By use of the relation of ryco, to the de- 
gree Of oxygenation, which was developed in Paper XI (9), the 
experimental values have been recalculated to the fully oxy- 
genated state. In this form they have been plotted in relation 
to pH, in Fig. 1. The points are almost evenly distributed 
about the line representing the normal value of ruco3 at sea-level. 
Aside from the influences of pH and oxygen saturation, the dis- 
tribution of combined CQO, is not appreciably changed at high 
altitudes. 


TABLE I 
Distribution of Combined CO, and Chloride in Oxygenated Blood at 
pH, = 7.40 
| THCOs | rcl 
Station Altitude Devia- Devia- 
| Observed | tion from | Observed | tion from 
standard standard 
| km. 
| 3.28 0.805 | +0.022) 0.0645 | —0.029 
2.81 | 0.731 | —0.052 
| 4.70 | 0.785 | +0.002 
| 0.792 | +0.019' 0.0651 | —0.023 
6.14 | 0.760 | —0.023) 0.0640 | —0.034 
| | | 
| 0.775 | —0.008) 0.0643 | —0.031 


The values for re; are based on analyses of arterial serum and 
cells brought back to Boston. It appears probable from Fig. 1 
that there is a slight reduction in re, at high altitudes, since nearly 
all points fall below the standard curve. 

All these observations in high altitudes have been recalculated 
to a pH, of 7.40, the established relation between pH and the dis- 
tribution coefficients (9) being used. The means for each station, 
found in Table I, confirm the impressions gained from the figures; 
1.€., Tuco, 18 unchanged and rc, is slightly less at high altitudes. 
The observed change of —0.03 in re disturbs but slightly the bal- 
ance of electrolytes in serum and cells. 
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Proteins and Buffer Values—Our observations on serum protein, 
hemoglobin, and percentage of oxyhemoglobin in arterial blood 
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Fic. 2. Blood proteins in relation to altitude showing mean values on 
our group as well as the extreme range. Protein concentration in serum 
remains virtually constant while total Hb is increasing. Until the highest 
station is reached the increase in total Hb and reduction in percentage 
saturation of arterial blood with O, counterbalance so that the concentra- 
tion of arterial HbO, remains constant. The increased range in percentage 
of HbQ, at high altitudes depends on the properties of the oxygen dissocia- 
tion curve; at a high oxygen saturation a change in pO, which produces little 
effect at high saturation produces a large effect at low saturation. 


have been collected in Fig. 2. The protein concentration in serum 
does not change significantly. If blood volume remains constant 
as the proportion of red cells increases in high altitudes, the de 
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crease in the ratio of serum to cells means that the quantity of 
serum protein in the circulation diminishes. It is possible, how- 
ever, that some increase in blood volume occurs. This seemed 
to be the case at least in the period of acclimatization both in the 
Pike’s Peak party (10) and in three members of Barcroft’s party 
to Peru (11). On the other hand, Margaria and Sapegno (12) 
found almost no change after 3 weeks at 2.9 km. 

No important change was found by Talbott (1) in concentration 
of hemoglobin in red cells. It follows that one may apply to the 
blood of the high altitude resident the relationship which holds 
at sea-level. 

V, = 1 — 0.05 (total Hb) (1) 


In this expression V, is the volume of serum in 1 volume of blood 
and total Hb is measured by the mm of combined oxygen in 
blood saturated with oxygen. 

Determination of total solids and of total nitrogen in red cells 
indicated that they were unchanged, not only in respect to 
hemoglobin but also to the total content of other organic sub- 
stances. It is safe to infer that the buffer value of human red 
cells is the same at high altitudes as at sea-level. 

The buffer system of blood is almost entirely dependent on 
protein; while the buffer value both of serum and of red cells 
remains constant, that of blood must increase in high altitudes 
because serum with 7 per cent protein is replaced by cells contain- 
ing nearly 5 times the concentration of protein. A quantitative 
measure of the change in buffer value of oxygenated blood asso- 
ciated with this replacement may be developed from equations 
relating base-binding capacity to pH. For serum, according to 
Van Slyke, Hastings, Hiller, and Sendroy (13) 


(BP), = (P), (0.104) (pH, — 5.08) (2) 


In this equation (BP), represents milli-equivalents of base bound 
by serum proteins and (P), gm. of serum protein per liter of serum. 

From the nomogram in Paper XI the relation of pH, to pH. 
in oxygenated blood between pH, 7.2 and 7.6 is 


dpH, = 1.47 dpH, (3) 


So long as pK’ of serum and cells and the distribution of bicar- 
bonate remain unchanged, this relationship of dpH, to dpH,. 
remains applicable. 
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The buffer value of serum proteins in whole blood becomes by 
differentiation and substitution 
d(BP), 
nt (P), 0.153 (1 — 0.05 total Hb) (4) 
dpH, 
quation 11 of Paper XI (9) may be differentiated to give the 
buffer value of red cells of oxygenated blood. 


d(BP). 


= (total Hb) [— pH. + 10.625] (5) 
dpH, 


The buffer value of oxygenated whole blood, 8, is the sum of 
the last two equations. For most conditions it may be assumed 
that in arterial blood (P), = 70 gm. per liter of serum and pH, = 
7.19. We can then derive a simple expression for the buffer value 
of blood. 


_ d(BP), + d(BP), 


= 10.7 2.90 (total Hb 
dpH. 7+ (tota ) (6) 


b 


The magnitude of 8, is simply calculated. 


Total Hb B. 
mM 
‘after acclimatization at 5.34 km.......... | 13.5 | 49.8 


The buffer value of red cells is about 7 times that of serum 
chiefly because of the greater concentration of protein in celis, 
but partially because, gm. for gm., oxyhemoglobin has about 
two-fifths greater buffering capacity than the usual mixture of 
serum proteins. 

Alkaline Reserve —References so far made to buffer value h 
to do with the effects of addition or removal of acid in a cl: 
system. This is virtually what occurs in the respiratory cyele, 
since the rate of removal of COs equals its rate of format??n. 
When fixed acid in any quantity enters the body, another me¢” .- 
nism is called upon; excess CQO, is eliminated by the lungs f om 
the reserves of bicarbonate. The total anion concentration in 
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serum may remain constant, the increase in new anion being 
balanced by decrease in bicarbonate with little or no change in 
pH. In respect to the first type of buffer action, blood at high 
altitudes has a greater 6, and the change in pH in the respiratory 
eycle is less than that of man at sea-level. In the second type it 
is inferior, since the alkaline reserve, or the concentration of CO, 
in arterial blood,? is much below that of normal man at sea- 
level. 

The decrease in arterial CO. content with increasing altitude 
is shown in Fig. 3. This decrease is nearly proportional to the 
change in pCO, and as a consequence the pH variations are 
small. Roughly speaking, the relation between altitude and 
alkaline reserve is linear, but closer examination shows a large 
range in individual values and suggests that the decrease is small 
at first and greater for a given increase in altitude as higher 
altitudes are reached. 

Time might be introduced as a third dimension in Fig. 3, but 
the small number of measurements do not warrant this. In our 
opinion, the subjects in Chile and in Colorado at 3 km. were al- 
most fully acclimatized; if so, this part of the curve has reached 
its lowest value, assuming that the course of adaptation involves 
a decrease in alkaline reserve with time until equilibrium is 
reached. ‘There are few records of measurements of alkaline 
reserve of human blood in altitudes between sea-level and 3 km. 
We doubt whether the Ist km. produces as much change as ap- 
pears in Fig. 38. For altitudes above 3 km. our party as a whole 
was never fully acclimatized; the higher the altitude, the less 
complete the aeclimatization. The proof of this comes from 
studies of the workmen at 5.34 km.: the mean alkaline reserve on 
six of them les at the lower limit of the range in the ten members of 
our party at this station. It is probable that if months had been 
allowed for acclimatization at each station, the relation between 


he alkaline reserve is often defined as the CO, content of oxygenated 
biood at pCO, = 40 mm. of Hg and sometimes as the CO, content of arterial 
bi od. The definitions are approximately equivalent at sea-level but not at 
} «» altitude. Here, on account of the reduced and variable arterial CO, 
posure, the CO, content of arterial blood gives a more significant measure 
of ‘4Akaline reserve than the content at a fixed CO, tension and percentage 
sa. uration with oxygen. 
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arterial CO, and altitude would have fallen on a curve showing 
an increased slope at the higher altitudes. If our observations 
at 3 km. in Leadville and in Chuquicamata and on workmen at 
5.34 km. are taken as representative of complete adaptation, the 
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Fic. 3. Arterial pCO,, total COs, and pH, in relation to altitude. The 
heavy lines show the trend of the observations and the shaded areas, the 
extremes. The changes in pCO, and in total CO, are nearly proportional; 
pH changes only slightly. The observations in Colorado were made by Dill 
and his associates (14). 


slope, in milli-equivalent/A altitude in km., is 0.95  be- 
tween 0 and 3 km. and 2.1 between 3 and 5.34 km. 

It can now be stated with confidence that the pH of arterial 
blood increases little if at all up to 3 km. and that it is rarely 


higher than 7.5 up to6km. In support of this mav be cited the 
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studies of Ewig and Hinsberg (15), who found an average arterial 
pH, of 7.40 on four men at 3.45 km. The earliest extensive 


TaBLe II 
Electrolytes of Arterial Serum 


The cone centrations are given in milli- equivalents. 


| 
co, Os Cl | | Ca | HCO.) Cl Na | 
| At 2.81 km. (C huquicamata) | | At 3.66 km. (Ollagiie) 
B 2 21.81107.0| 1.7 | 5 | 4.9 23.21105.51 1.1 143) 3 | 5.2 
C | 22.01106.7) 1.6 | 1411 5] | 5} 1.9) 138, 5 | 5.5 
D | 23.8/104.7) 1.5 | 139] 6 | 4.9) | 23.51104.9) 1.2) | 
E | 21.1/106.5] 1.6 | 135) 5 | 4.9 | 21.1]108.9} 1.6} | 
F 21.9/105.1) 1.6 | 140! 6 | 5.3 | 23.4)107.2| 1.0) 141) 5 | 5.0 
H | 22.4 | | 20.2)106.11 4.0) 
K | 22.2 | 20.9|107.6) 1.9) 139) 5 | 5.2 
Me | 22.7106.7 1.6 | 142 5. 2 | | | | | 
M 22.0 | 1.8 | | | | | | | | 
T 1.9 | 141) | 5.2 | 21.3/107. 3 14 5 | 5.6 
At 4.70 km. (Collahuasi) | 5.34 Quiteba) 
B | 21.1/107.4| 1.4 | 141] 5 | -20.2107.2 1.9) 134) 4 | 4.8 
C 19.3/105.7; 2.1 | 140) 5 | 1.9 138° 4 | 5.1 
D 21.7|107.0) 1.4 | 139, 5 | 4.9) 1.3) 137 5 | 5.5 
E 20.0/107.0) 1.3 | 138] 5 | 5.5) —17.4109.0) 1.1) 140) 7 | 5.9 
F 19.3/107.3] 1.2 | 140] 5 | 5.5) 1.3) 137] 6 | 4.9 
H | 19.0/105.7| 1.4 | 136) 8 | 5.6 16.9104. 1| 1.8| 130] 7 | 5.3 
K | 19.11107.7| 1.4 | 137] 6 | 5.5) 1.3) 145) 6 | 5.3 
Me | 19.5, 1.0 | | 18.4/108.1) 1.3) 129) 7 | 5.3 
M =| 19.6/109.9} 1.2 | 139) 5 | 5.5) 111.0 1.1 135, 6 5.1 
20.8108 .0 1.1) 138) 6 5.2 | 20.7/108.8 1.1) 140) 6 | 5.0 
At 6.14 ine: (Punta) Subject | om workers 
B | 142| 4 | 5.3] An | 18.8 | 
Fo | 15.9)111.4 1.5 142) 5 5.3) | 17.3108.) 1.5) 134) 8 | 5.4 
H | | ‘| ‘|. | Bes | 1.5) 185 8 
K | 14.6109.9 1.4 | 134) 7 | 5.3! Cam | 17.0)108.3) 1.3) | 
Mec / 14.4/107.1] 1.4 | 138] 6 | 5.6] Fri | 13.6/115.0| 1.4, | 7 | 5.0 
M | 16.9111.9 1.6 137, 6 | 4.6 Her | 17.9/104.9| 1.8) | 
T 17.7/108.5) 1.8 | 138) 7 | | 


measurements of oH at high altitude are those of Monge and 
associates (16). Twenty observations at 3.7 and 4.5 km. averaged 
7.46 and only two were above 7.50. 
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Electrolytes of Serum—The complete record of our results on the 
principal ions of serum is found in Table II. The cations and 
chloride were determined after our return to Boston. Lactie 
acid was determined in whole blood and its concentration in serum 
estimated on the assumption that its distribution is the same as 
that of chloride. Unpublished observations by Edwards of the 
Fatigue Laboratory support this assumption. 

The individual response, with occasional exceptions, follows 
the pattern of the group taken as a whole. ‘The range in concen- 
tration for any given ion is somewhat greater than was found at 
sea-level (9). The most complete results were at Collahuasi and 
‘Quilcha. The extremes for each ion at these stations as com- 


TaBLeE IIT 
Range in Concentration of Ions Given in Milli-Equivalents 
Sea-level Collahuasi ’Quilcha 


* The large variations in Na and K at sea-level are due to the unusual 
concentrations found in the blood of one subject, Hall. See Table I in 


Paper XI (9). 


pared with sea-level are given in Table III. The variability is 
increased slightly at 4.70 km. and considerably at 5.34 km. It 
may be that technical difficulties at high altitudes had something 
to do with this increased variability. 

Certain individuals maintain unusual characteristics at high 
altitudes. Dill, for example, had the highest bicarbonate content 
at three of the four stations where his arterial blood was studied. 
Hall was lowest in three out of five cases. Hall had very low 
sodium and very high potassium concentration in his serum at 
sea-level and he maintained this characteristic at high altitudes. 
Talbott’s report (1) shows that Dill had the lowest hemoglobin 
content at sea-level and at every high altitude station. 

Acid-Base Balance—TVhe mean values for 4 anions including 
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proteinate and for 3 cations have been estimated for the group 
at sea-level and at each station (Table IV). Since magnesium 
nearly balances phosphate and sulfate, the sum of combined 
CO2, chloride, proteinate, and lactate should nearly equal the sum 
of sodium, potassium, and calcium in the normal state. At sea- 
level the latter sum exceeds the former by 1.8 mulli-equivalents 
and at higher altitudes by from 2.2 to 5.5 milli-equivalents. This 
increased excess of cations over anions may be due to a decrease 
in magnesium, to an increase in phosphate, sulfate, or some other 
anion, to unknown experimental errors, or to some combination 


TABLE [VY 
Acid-Base Balance in Serum 


The concentrations are given in milli-equivalents. 


Miners 

socal 2.81 km. | 3.66 km. | 4.70 km. | 5.34 km. | 6.14 km.| at 5.34 

km. 

25.1 44.0 21.9 19.9 18.5 16.2 17.1 
104.6 | 106.2 | 106.3 | 107.3 | 108.4 | 109.0 | 108.7 
17.4 16.8 16.8 16.9 16.9 17.5 16.1 
1.4 1.7 1.5 1.4 1.4 1.5 1.5 
148.5 | 147.0 | 146.5 | 145.5 | 145.2 | 144.2 | 143.4 
ee ee 8 140.0 | 139.8 | 140.4 | 138.6 | 136.5 | 1388.6 | 134.3 
caw 5.3 4.7 9.0 5.7 5.9 7.6 
5.0 5.1 5.3 5.4 5.2 5.2 5.2 
150.3 | 150.3 | 150.4 | 149.5 | 147.4 | 149.7 | 147.1 
+1.8 | +3.3 | +3.9 |) +4.0 | +2.2 | +5.5 | +3.7 


of these factors. Excepting the highest station (where measure- 
ments were fewest) the discrepancy is of minor importance. 
Table IV reveals that the considerable decrease in combined 
CO, is about one-half balanced by increase in chloride and about 
one-quarter by reduction in sodium concentration, leaving about 
one-quarter unexplained. Another notable feature of these re- 
sults is the constancy of proteinate, lactate, potassium, calcium, 
and of the sum of the three cations. ‘There may be some reduc- 
tion in osmotic pressure, but it is very slight. Additional evi- 
dence on the latter question was obtained by carrying out on 
twelve sera returned to Boston measurements of osmotic 
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pressure. ‘These were made by C. Daly of our staff, using Hill’s 
vapor pressure method (17). The only two osmotic pressures 
outside the usual range were high. 

Nomographic Description of Blood--The material so far pre- 
sented has to do with the course of changes in blood during the 
process of adaptation. For a more detailed description the 
synthetic method used for human blood at sea-level (9) has been 
employed. It has been applied to blood of the ’Quilcha miners 
without modification, since it has been shown that the distribu- 
tion of combined CO» is unchanged and it may be assumed that 
red cells and serum undergo no changes in buffer value. The 
nomogram is shown in Fig. 4, and the table derived from it is 
Table V. The arterial line is determined by analyses of arterial 
blood, and the venous line as shown is based on the assumptions 
of an R.Q. of 0.82 and an oxygen transport equal to that at sea- 
level. The latter assumption is in accord with Grollman’s study 
(18) and with unpublished observations made on our party by 
Christensen. 

With this nomogram and Table V and with Fig. 6 and Table II 
of Paper XI (9) estimates can be made of the réle of serum and 
cell proteins in COs, transport. The COs transported in the free 
state is about 8 per cent of the total in each case. The 
remainder is transported as follows: 


Combined CO: transport Sea-level 
per cent | per cent 
By ........... 7 6 | 4 


As a result of the chloride shift, the site of transport of com- 
bined COs gives a different picture: 


Site of combined CO, transport Sea-leve! | 5.34 km. 
per cent | per cent 
| 


The change in proportion is due chiefly to the change in cell 
volume per unit volume of whole blood. 
We have estimated the HbCOs, transport in the same way as 
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Fig. 4. Nomogram for blood of miners who reside at 5.34 km. and work 
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for normal blood; on account of the increased proportion of 
hemoglobin and decreased alkaline reserve, there is doubt regard- 
ing the validity of this estimate. 

The oxygen transport is carried on under strikingly different 
conditions. Arterial blood of the miner has a pOsz less than one- 
half that of man at sea-level and yet its oxygen content is greater 
by one-fifth. The oxygen pressure in venous blood falls only 12 
mm. below arterial in the first case and 50 mm. in man at sea- 
level. ‘The miner has a venous pOsz less by 7.2 mm. than that of 
man at sea-level. With a doubled transport of COQ, and Oz (such 
as occurs in moderate exercise) the conditions are as follows, 
assuming arterial blood is unchanged. 


Sea-level 5.34 km. 


It appears from this comparison that at 5.34 km. the fully ae- 
climatized man with the same cardiae output as at sea-level main- 
tains nearly as high a venous pO, in rest and possibly fully as high 
in moderate work. This is interesting in view of the fact that 
these men were able to climb each day from an altitude of 5.34 
to 5.80 km. and carry out a day’s work at the latter altitude. 

The increased buffer value of blood at high altitude has been 
discussed above. Table V of this paper and Table II of Paper 
XI (9) make a quantitative comparison possible; ApH, in the 
respiratory cycle, with COs, transport constant, is 0.023 at sea- 
level and 0.019 at 5.34 km. ‘This indicates that the buffer value 
in the respiratory cycle is one-fifth greater; our previous caleula- 
tion indicated that in oxygenated blood it is one-third greater; 
the difference is due to the fact that in the respiratory cycle 
part of the COs is transported by the acid change in hemoglobin. 
For a given COs transport this effect is almost independent of the 
amount of hemoglobin in blood. 

The significant differences in electrolytes of whole blood be- 
tween the miner and man at sea-level are given in Table VI. 
These changes depend in part on the change in proportion of 
red cells. If this were the only change occurring, the B and Cl 
would show slightly greater decreases than those observed. The 
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TaBLe VI ( 
Differences in Electrolytes of Whole Blood between Miner and Man at. i 
Sea-Level 
The concentrations are given in milli-equivalents. 
Protein- 
Man at sea-level.............. 133.6 82.0 20.7 28.2 1.6 
Miner at 5.34 km...... 125 .6 73 .0 12.9 31.3 7.4 
—9.0;} —7.8 +3.1 +5.8 
A if only V. changes......... —9.4 | —-11.4) -—2.2 | +5.4 ] -1.1 
TaBLe VII 
Serum and Cells of Arterial Blood 
Standard | ‘Quilcha 
man miner 
Serum 
| 938.0 939.6 +1.6 | 
B lactate, m.-eg. perl. serum......| 1.4 1.5 +0.1 
Ser ..... | 104.6 | 108.7 | +4.1 
BHCO;, m.-eq. per l. serum........ | —7.9 
Total CO:, m.-eq. perl. serum.....| 26.4 18.1 | —8.3 
Protein, gm. perl. serum.......... ie | 67.4 —4.8 | 
Cells 
| 720.0 | 725.7 | +5.7 
| 110.6 | 114.2 | +3.6 
B lactate, m.-eq. per !. cells.. 0.7 0.7 | 0.0 
BCI, m.-eg. per l. cells.... 54.2 | 55.7 | 
BP, 41.4 | 38.6 | —2.8 
BHCOs, m.-eg. per l. cells. 15.3 | 10.9 | —4.4 
Total COs, m.-eq. per l. cells....... | 16.4 11.7 | —4.7 
HbCO:,, m.-eg. per I. cells.......... | 0.80 0.76 —0.04 
Combined O., mm per l. cells... .. | 19.2 15.3 —3.9 
Total Hb, ma per l. cells. . | 20.0 | 
pH | 190 7.178 —0.012 
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changes in these electrolytes are somewhat minimized by an 
increase in cell base and increase in serum chloride. The quanti- 
tative changes in serum and cells are as follows: 


1. Loss of 3.2 m.-eq. base per liter serum 


8 ‘ HCO; 
4. Gain 93. « cells 


A comparison of man at sea-level with the ’Quilcha miner in 
respect to composition of arterial serum and cells is made in Table 
VII. This table strengthens the impression that the changes 
in serum other than the reduction in bicarbonate and increase 
in chloride are small. The organism succeeds in maintaining 
stability in the face of extremely adverse conditions. 


The writers are indebted to Professors L. J. Henderson, A. B. 
Hastings, and E. F. Adolph for many suggestions helpful in pre- 
paring this paper. 

SUMMARY 


The distribution of combined CO, between arterial cells and 
serum is unchanged at high altitudes aside from the responses 
due to changes in pH and per cent saturation with oxygen. There 
appears to be a decreased proportion of chloride in cells (Fig. 1). 
Owing to increase in the proportion of red cells, the buffer value 
of blood is increased; the pH, change in the respiratory cycle is 
one-fourth less. At the same time the decreased alkaline re- 
serve reduces the capacity of the body to neutralize fixed acids. 
The increase in hemoglobin and decrease in alkaline reserve occur 
slowly; months may be required for hemoglobin to reach a maxi- 
mum and arterial CO, content, a minimum. 

The electrolytes of serum at high altitude were found to undergo 
one major change, whether measured in milli-equivalents or in 
per cent of the sea-level value. This is the decrease in bicar- 
bonate. At 5.34 km. this may be 8 milli-equivalents, while the 
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Cl increase is 4 milli-equivalents and the Na decrease, 2 milli- 
equivalents, leaving an unexplained anion deficit of about 2 
milli-equivalents. Other ions are remarkable for their stability, 

A synthetic description is given of the blood of fully adapted 
workmen living at 5.34 km. and working at 5.80 km. 
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THE DIFFUSION COEFFICIENT OF INULIN AND OTHER 
SUBSTANCES OF INTEREST IN RENAL PHYSIOLOGY* 
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(From the Department of Physiology, New York University College of 
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An important question in renal physiology is the extent to 
which various urinary solutes may diffuse across the renal tubules. 
The possibility for such diffusion is especially great under the high 
concentration gradients that are established between the tubular 
urine and the blood by the reabsorption of water from the glomer- 
ular filtrate. The question is particularly important in the case 
of a substance like inulin which, on the basis of other physio- 
logical evidence, might be deemed suitable for the measurement 
of glomerular filtration. 

Since little information was available on this question, we have 
determined the diffusion coefficients of inulin, creatinine, and 
other substances of physiological interest by the method of 
Northrop and Anson (1929). 

In this method the solute diffuses across a thin, porous glass 
membrane, constituting the bottom of a closed cell, into water 
or solution contained in an outer jacket. This method has 
numerous advantages over the free interface method, since the 
diffusion front is mechanically stabilized. Our cells resembled 
the one depicted by Scherp (1933); they were 41 mm. in diameter 
and 20 mm. high, with a volume of approximately 20 cc. The 
bottom consisted of a Jena sintered glass membrane, 0.5 mm. 
thick, sealed to the cell with De Khotinsky cement. <A stop-cock 
was inserted into the capillary stem 20 mm. above the cell. The 
outer jacket had an internal diameter of 50 mm. and a height of 
170 mm. During operation three cells with their jackets were 


* A preliminary report of this work was presented to the American 
Physiological Society, March 25, 1936. 
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mounted upon an aluminum triangular rack, the cell being 
mounted independently by the capillary tube. The clamps for 
mounting cell and jacket were so constructed as to permit inde- 
pendent adjustment in the vertical plane, and the rack carried 
thumbscrews at each corner which, in conjunction with variable 
contacts on the water bath, permitted adjustment to perfect 
horizontality. While an experiment was being set up, the rack 
was placed ona horizontal tripod. The cells were fastened to the 
rack, filled by gentle suction, washed with distilled water, and 
wiped with filter paper. Exactly 20 ec. of water were placed 
in each jacket, and the jackets were then fastened into place in 
such a position that, with the rack horizontal, perfect contact 
was obtained between the membranes and the surface of the water 
in the jackets. The rack was then transferred to the water bath, 
which was kept at 37° + 0.5° and its horizontality checked. At 
the conclusion of a diffusion period the water in the jacket was 
removed by aspiration and replaced with a fresh volume of 20 
ec, of water at 37° by delivery into the open top of the jacket. 
The first diffusion period was analyzed and used in the calcula- 
tion of the residual concentration of solute in the cell, but this 
diffusion period was not included in the determination of the 
diffusion coefficient. Three suecessive diffusion periods were 
then taken and calculated separately, and the results averaged. 
For all substances except Hb, for which the periods were length- 
ened to from 2 to 6 hours, the periods were about 60 minutes In 
duration. 

Kach membrane was calibrated by the use of 0.05 N sucrose in 
the presence of 100 mg. of creatinine per 100 ec. at 37° (for caleu- 
lations see MeBain and Liu (1931)). The diffusion coefficient 
of sucrose at 37° was determined as follows: six membranes were 
calibrated with 2.0 Nn NaC] at 25°, with the value 1.246 per sq. em. 
per day for the diffusion coefficient of this substance as deter- 
mined from the temperature equation of Anson and Northrop 
(1937).' This figure checks with Clack’s (1916-17, 1924). With 
these membranes the diffusion coefficient of sucrose at 25° was 
found to be 0.410 per sq. em. per day without creatinine, and 
0.418 in the presence of 100 mg. per cent of creatinine. This 


1 We are indebted to Dr. Anson for making available to us his recent 
determinations of the diffusion coefficient of NaCl, prior to publication. 
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figure differs from McBain and Liu’s (1981) value of 0.462 and 
from Oholm’s (1929) value of 0.453 by about 10 per cent. The 
determination was repeated at 37° and, assuming no change in 
the cell constant, the diffusion coefficient of 0.05 N sucrose was 
found to be 0.552 without creatinine and 0.547 with creatinine. 
Oholm’s (1929) figure for sucrose, when extrapolated to this con- 
centration and temperature, is 0.583. Thereafter all cells were 
standardized at 37° with 0.05 N sucrose in the presence of creati- 
nine, the diffusion coeficient of sucrose being taken as 0.55 per 
sq. cm. per day. 

Creatinine was determined by the Jaffe reaction, with a photo- 
electric colorimeter; urea by urease decomposition and mano- 
metric CO, determination; sucrose and inulin by acid hydrolysis 
(0.1 N HeSO,) and the Folin (1929) sugar method; hemoglobin 
was read directly in a photoelectric colorimeter against a known 
hemoglobin solution; and chloride was determined by the method 
described by Smith (1930). The phenol red was dissolved in 0.01 
mM phosphate buffer of pH 7.4 and allowed to diffuse into this same 
buffer solution; the solutions were alkalinized with M NaeCQOs, 
before colorimetric analysis. COHb was dissolved in 0.06 M 
phosphate buffer of pH 6.75 and allowed to diffuse into this same 
buffer solution. 

The data given in Table I summarize our observations. Our 
primary intent in this investigation was to study different inulin 
preparations; and since a 1500 mg. per cent solution of this sub- 
stance is supersaturated at 37°, it seemed possible that the inulin 
might deposit within the pores of the glass membrane and ob- 
struct diffusion. For this reason and also to detect errors due 
to mechanical causes, defects, streaming, etc., creatimne (100 
mg. per cent) was included in nearly all determinations. As will 
be seen in Table I, the diffusion coefficient of creatinine 1s in- 
ereased by 0.05 N sucrose (and probably by urea), but it 1s un- 
affected by the presence of inulin (1500 mg. per cent). But 


creatinine has no apparent effeet upon the diffusion of inulin it- 


self. The routine inclusion of creatinine in the inulin determina- 
tions was valuable in that it showed that obstruction of the 
membrane by the inulin did not occur; otherwise the inclusion of 
a check substance appears to be superfluous. 

A word may be said concerning the various inulin preparations 
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TABLE I 
Liffusion Coefficients at 37° 
Diffusion coefficient 
per sq. cm. per 
| 2 | 0.915 
ie 0.05 ‘‘ with creatinine, 100 mg. %....) 6 | 0.547] 
Phenol red, 32 mg. % with sucrose, 0.05 N...... | 3 | 0.537 
Inulin (chicory), 1500 mg. [% | 
Inulin (chicory), 1500 mg. %. (All with creat- | | 
inine, 100 mg. % | | | 
| 0.201 Average 
Inulin (dahlia), 1500 mg. %. (AIl with creat- | 
inine, 100 mg. %) | | 
| | 0.177 Average 


* With three periods on each cell. 
+ Standard deviation, 0.033. 
t Total of thirty-six periods. 


4 
W 
re 
d 
é 
4 
3 
t 
| 
t 
2 
i 
( 
| 
| 
$ 
; | 
| 
j 
| 
| 
i 
4 
H 


re 


Bunim, Smith, and Smith 671 


which were examined. Certain samples of inulin produce marked 
reactions when administered intravenously to man in doses of 
0.5 to 1.0 gm., whereas other samples may be administered in 
doses of 100 to 150 gm. without noticeable physiological effects 
(Shannon and Smith, 1935; Goldring and Smith, 1936).2 The 
adverse effects of toxic samples are apparently attributable to 
particulate matter which can be removed by ultrafiltration (Cotul, 
McCloskey, Schrift, and Yates, 1937). Samples 6, 7, 8, 9, and 
13 were chicory inulin® which was non-toxic for man in doses of 
40 to 80 gm. Sample 661-NT was the non-toxie dahlia inulin 
used by Shannon and Smith (1935) in their original investiga- 
tions, and produced no reaction in man in doses as large as 150 
gm. Sample 1226 was dahlia inulin repurified by the manu- 
facturer and produced no ill effects in doses of 100 gm. (ef. Gold- 
ring and Smith (1936)). Samples RA and RB were two prepara- 
tions of dahlia inulin obtained from the Bureau of Standards and 
kindly supplied to us by Professor A. N. Richards. For Sample 
RA, which was purified by alcohol, the H,O was 7.2 per cent, 
density 1.51, aleohol 0.01 per cent, and ash 0.05 per cent. For 
Sample RB, which was purified by recrystallization from water, 
the H.O was 9.2 per cent, density (25°/4°) 1.48, ash 0.008 per 
cent, solubility in H.O at 30° 0.185 per cent. Samples 661-T and 
684-T> were highly purified, yet very toxic preparations which 
had been obtained from the manufacturer. It was Sample 684-T 
from which Cotui ef al. (1937) removed the toxicity by ultrafil- 
tration. ‘‘Amorphous” inulin was prepared by pouring a hot 
concentrated solution of chicory inulin into a large volume of 
95 per cent alcohol (Berner, 1931). 

The native reducing power, total reducing power, and specific 
rotation of various samples of inulin, in comparison with the 
figures reported by others, are given in Tables Il and III. There 
appears to be no difference between the toxic and non-toxic 


2A method for the purification of inulin for intravenous administration 
has been worked out in this laboratory and will be reported elsewhere. 
Suitably purified inulin, tested for intravenous injection, can be obtained 
from the Pfanstieh] Chemical Company. 

* We are indebted to Dr. Eaton M. MacKay, Scripps Metabolic Clinic, 
and Dr. H. 8. Paine, Bureau of Chemistry and Soils, United States Depart- 
ment of Agriculture, for the crude chicory inulin used in these and other 
investigations. 
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preparations. Our data agree well with those found in the 
literature. 

The samples of chicory inulin examined by us gave a slightly 
higher diffusion coefficient than dahlia inulin. Our figure on 


TABLE II 


Native and Total Reducing Power of Inulin 


_ Mg.-eq. glucose per 100 mg. 


| Native reduc- | Total reducing 
| | ing power power 

Yanovsky and Kingsbury (1933)... | | 0.81 | 

pureau of Standards.............. | Chicory | 100.6 

Yanovsky and Kingsbury......... | 0.55 


TaBLeE III 


Specific Rotation of Inulin 


| | | 
Sample No. | Source | Temper- |Per 100 cc. 


ature | solution | 

gm. | degrees 
......-| Dahlia | 25 | 4.56 | —38.5 
Irvine and Steele (1920)............ si 16 | 2.763 | —34.2 
Yanovsky and Kingsbury (1933). = | —36.9 
Schlubach and Elsner (1930) 3 25 | 3.09 | —39.8 
Chicory | 25 | 4.725 | —36.4 
| 25 | 1.741 | — 36.3 
Yanovsky and WKingsbury | — 


Pringsheim and Kohn (1924). . ¥ 1) | | —35.3 


dahlia inulin (0.177 per sq. em. per day) agrees with the value 


0.186 obtained by extrapolating Oholm’s (1929) data on inulin, 
with the same temperature coefficient as is shown by dextrin. 
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There seems to be no difference between the diffusion coefficient 
of toxic and non-toxic preparations. This is consonant with the 
belief of Cotui et al. (1937) that the toxicity is due to traces of 
contaminating ultramicroscopic particles. A small quantity of 
such a contaminant might impart considerable toxicity to the 
material without affecting the average diffusibility. It is not 
known whether the contaminant in toxie preparations Is a carbo- 
hydrate or not. Goldring and Smith (1936) were able to remove 
part but not all of the toxicity by complete hydrolysis of inulin 
solutions, which would indicate that the contaminant was, 
perhaps, a refractory cellulose. 

The molecular weight of highly purified dahlia inulin has 
recently been determined by Westfall and Landis (1936) by the 
thermoelectric vapor pressure method. These investigators ob- 
tain the figure 5100, which agrees well with the determinations of 
others, as cited by them. Haworth, Hirst, and Percival (1932) 
conclude that the inulin molecules are not in the form of large 
rings but consist of chains of fruetofuranose, and have an aver- 
age length of 30 units. From the reducing power they conclude 
that one terminal aldose group is free. There is every evidence 
from ebullioscopie (Drew and Haworth, 1928) and vapor pressure 
(Westfall and Landis, 1936) data to show that the polysaccharide 
readily undergoes partial hydrolysis on boiling, even in distilled 
water, but Drew and Haworth (1928) point out that dehydration 
may in certain instances tend to regenerate longer chain poly- 
saccharides. It is especially interesting to note that prolonged 
boiling, either with or without NaCl, had no appreciable effect 
upon the diffusion coefficient of chicory inulin in our experiments. 
Neither. have we found any marked increase in native reducing 
power after boiling. Such scission as occurs under these condi- 
tions may be compensated, so far as the average diffusion coeff- 
cient is concerned, by the opening up of polysaccharide rings into 
larger chains. In some instanees we observed that boiling de- 
creased the diffusion coefficient, a result consonant with the above 
suggestion. The point is an important one practically, because 
inulin solutions (5 to 20 per cent) in 1 per cent saline must be 
boiled for 5 minutes to effect sterilization before administration 
to man. From our results we believe that this procedure is 
without significant effect upon the average molecular size or 


sf 
al 
er 
& 
§ 
i 
; 
x 
\ 
+, 
tg 
<i 
3 
| 
i 
5. 
2 
‘ 
4 
3 
| & 
| re 
| : 
4 
% 
‘ 


674 Diffusion Coefficient of Inulin 


diffusibility. This view is substantiated by the fact that during 
purification inulin is repeatedly boiled without evident degrada- 
tion of the final product. 

The solubility of inulin varies considerably with the mode of 
preparation. Yanovsky and Kingsbury (1933) have shown that 
dahlia inulin is less soluble in cold water than chicory inulin; and 
each of these compounds exists in two modifications having 
different solubilities. Both substances are more soluble in water 
if recrystallized from an alcohol-water mixture than if recrystal- 
lized from water. The more soluble chicory inulin is unstable, 
gradually changing to the less soluble form. The presence of 
levulose increases the solubility of dahlia, but not of chicory, 
inulin. Both are readily soluble in hot water and form super- 
saturated solutions. ‘The adsorption of small quantities of aleo- 
hol, ete., apparently enhances solubility, and traces of non- 
aqueous solvents are difficult to remove (Berner, 1930). When 
repurified from water, inulin consists largely of spherical crystals, 
but Berner (1931) has shown that an amorphous form, having the 
same molecular weight, is produced by pouring a hot, concentrated 
aqueous solution into a large volume of absolute alcohol, or by 
repurification from glycerol, acetamide, ete. This amorphous 
preparation is readily soluble in cold water, but goes over to the 
insoluble form either in solution or a moist atmosphere. The 
amorphous nature of alcohol-precipitated inulin has been con- 
firmed by Katz and Weidinger (1931) by x-ray spectrum analysis. 
In our observations the amorphous preparation has the same 
diffusion coefficient as the crystalline material. 

In the case of large spherical molecules it is possible to ealcu- 
late the approximate molecular weight from the diffusion coeff- 
cient and the density by the Einstein equation (cf. Northrop and 
Anson (1929); Anson and Northrop (1937)). Sueh a calculation 
applied to dahlia inulin (diffusion coefficient 0.177, density 1.50) 
gives the figure 15,360. The discrepancy between the apparent 
molecular weight, as calculated from the diffusion coefficient, 
and the figure obtained by colligative methods (7.e., 5100, which 
we may take as the true molecular weight) is unquestionably 
due to the molecular configuration. Einstein’s equation assumes 
that the molecule is spherical, and any departure from sphericity 
lowers the diffusion coefficient. From the calculations of Sved- 
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berg (1928) and our diffusion coefficient it may be estimated that 
the inulin molecule is at least 10 times as large along one axis as 
along the other, confirming the conclusion of Haworth, Hirst, 
and Percival (1952) that the molecule is extremely elongate. 
This elongation has the effect, so far as diffusion is concerned, of 
increasing the apparent molecular weight. (Hydration of the 
molecule would have this same effect, but there is no evidence 
that the inulin molecule is hydrated.) We may say that, with 
respect to diffusion, inulin behaves as though it had a molecular 
weight of 15,360. In the same sense hemoglobin, which has a 
true molecular weight of 68,000, behaves as though it had a 
molecular weight of 117,000. This figure, based upon our diffu- 
sion coefficient, and a density of 1.33, agrees well with the esti- 
mate of 113,000 made by Svedberg and Nichols (cf. Nichols 
(1928); McBain and Liu (1931)) using the sedimentation velocity 
(cf. also Anson and Northrop (1937)). 

The evidence of Hendrix, Westfall, and Richards (1936) on 
frogs and Necturt and of Shannon and Smith (1935), Shannon 
(1936), Richards, Westfall, and Bott (1936), and Kaplan and 
Smith (1935) on man, dogs, and rabbits indicates that inulin 
is completely filtrable through the glomerular membranes. On 
the other hand, hemoglobin is not readily excreted in the 
urine of mammals, presumably because the molecule is too large 
to pass through the glomerular membranes (Bayliss, Kerridge, 
and Russell, 1933). Since the diffusion coefficient of hemo- 
globin is about one-half that of inulin it would appear that for 
the purposes of measuring glomerular filtration little could be 
gained by seeking a molecule larger than inulin. 

No comment is needed at this time on the diffusion coefficients 
of the other substances examined, except to note that our figure 
of 1.33 for urea is identical with the value obtained by extrapo- 
lating Oholm’s (1929) data on 0.25 mM urea to 37°. Similar extra- 
polations of the data given by this author for arabinose (0.1 N), 
maltose (0.1 N), lactose (0.1 N), dextrin (1.0 N and 0.1 N), and 
starch (1.25 per cent) would give, respectively, 0.89, 0.51, 0.53, 
0.15, and 0.12. It is perhaps significant that the values for 
dextrin and starch lie within the critical range of what we have 
supposed to be the limiting permeability of the glomerular mem- 
branes. The data for gum arabie are uncertain because of the 
influence of salts on the diffusion coefficient (Bruins, 1931). 
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SUMMARY 


Diffusion coefficients at 37° (per sq. em. per day) have beep 
determined for urea (1.33), creatinine (0.85), sucrose (0.58), 
phenol red (0.54), chicory inulin (0.201), dahlia inulin (0.177), and 
COHb (0.086). 

Inulin has a smaller diffusion coefficient than would be ex. 
pected from its molecular weight (5100), which fact is attributed 
to the elongate configuration of the polysaccharide molecule, 
So far as the diffusion rate is concerned, inulin behaves as though 
it had a molecular weight of over 15,000. Boiling in distilled 
water or in 1 per cent NaCl solution does not significantly in. 
crease the diffusion coefficient. 


We are indebted to Miss Anna Rosenthal for the determination 
of the specific rotation and reducing power of the inulin samples 
reported here. 
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INFLUENCE OF THE INORGANIC SALTS IN THE DIET 
ON THE COMPOSITION OF THE ASH OF CERTAIN 
TISSUES OF THE RAT* 


By ERCEL 8. EPPRIGHT ann ARTHUR H. SMITH 


(From the Laboratory of Physiological Chemistry, Yale University, 
New Haven) 


(Received for publication, February 3, 1937) 


There has been ample demonstration that the consumption of a 
ration deficient in inorganic salts for relatively long periods results 
in changes in composition of tissues. Light et al. (1934) demon- 
strated the alterations in the composition of the entire body of the 
albino rat. The composition of the bone is changed (Brooke, 
Smith, and Smith, 1934), but with realimentation with an ade- 
quate ration the composition and strength rapidly approach the 
normal value (Clarke, Bassin, and Smith, 1936). Analysis of the 
kidney has shown that this organ is responsive to the metabolic 
demands imposed on the animal by lack of adequate salts in the 
experimental ration (Swanson, Storvick, and Smith, 1936). 
However, despite the dietary deficiency and perhaps because of the 
various functional adjustments to the metabolic emergency, the 
chemical composition of the blood remains largely unchanged 
(Smith and Smith, 1984). The present study extends the observa- 
tions to the analysis of other tissues under the dietary conditions 
employed in the foregoing investigations as well as where certain 
ions are replaced in the deficient ration. 


EXPERIMENTAL 


Animals and Diets—-Male albino rats from the Connecticut 
Agricultural Experiment Station strain, weighing 45+4 gm. at 


* The data forming the basis of this paper were taken from a dissertation 
submitted by Ercel S. Eppright in partial fulfilment of the requirements 
for the degree of Doctor of Philosophy, Yale University, 1936. 

Aided by a grant from the Research Fund of Yale University School of 
Medicine. 

A preliminary report was presented before the American Physiological 
Society, March, 1936. 
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weaning (21 days old), were allowed free access to an adequate 
stock ration consisting of modified calf meal! (Maynard, 1930) and 
paste food,’ supplemented daily with lettuce and yeast. If they 
attained a weight of 120+4 gm. when they were 34+2 days old, 
they were selected for the experiment. 

The basal diet consisted per 100 gm. of casein* 18 gm., hydro- 
genated fat* 27 gm., dextrin’ 55 gm. Vitamins were provided 
separately each day by 200 mg. of dried yeast, 5 drops of cod liver 
oil, 1 ml. of aleoholic extract of wheat germ, and 2 drops of wheat 
germ oil. 

The appetite of the rat on the low salt diet is poorer than that 
of the normal rat. Its daily food consumption has been deter- 
mined in previous investigations (Brooke and Smith, 1933; Clarke 
and Smith, 1935). In order to eliminate the influence of varia- 
tions in intake of energy, protein, and vitamins, all animals of the 
present study were given each day the amount of food indicated 
by the average intake of the large number of rats on the low salt 
diet previously studied, according to the following schedule. 


Period Basal diet per rat per day 
days 
8-14 6.4 

15-35 5.7 

36-60 5.6 


The daily quantities of inorganic elements were for the most 
part based upon 408 mg. of Osborne and Mendel (1917) salt 
mixture, since this amount represents the average daily consump- 
tion of normal male rats eating ad libitum an adequate synthetic 
ration containing 4 per cent of the salt mixture, a quantity long 
eonsidered adequate. Formulas were calculated for each diet 
and for each period in such a way that the desired amount of 
inorganic adjuvant was offered daily to each rat together with the 
desired amount of basal ration. Table I shows the various 


' Modified by the addition of cod liver oil, 3 per cent, 

2 Whole milk powder, 25 per cent; casein, 25 per cent; wheat germ, 20 
per cent; lard, 30 per cent. 

$ Described by Swanson and Smith (1932). 

Crisco. 

White, commercial. 
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groups, the mineral supplements, and the amounts of the different 
elements given daily together with the abbreviations by which 
the groups are hereafter designated. 

The method insured a fair degree of uniformity in food con- 
sumption throughout the groups. As would be expected, how- 
ever, some animals did not conform exactly to the schedule. 
These, when possible, were fed by hand. ‘The animals were given 
redistilled water, and their caging and care followed closely the 
suggestions of Smith, Cowgill, and Croll (1925). 


TABLE I 
Inorganic Elements (in Mg.) Added to Diets 


Mineral supplement Supplied daily 
ioe | Description Ps | Ca | Me | Na | K | Cl | P 
I | Osborne-Mendel salt mixture* 408 50.3] 7.2 15.480.0/21.9 40.9 
II | Same minus NaCl and kt 408 99.3 7.2) 7.2) 3.9)44.5 
| Ca + Pt 152 50.3) 0.2) 1.4! 7.0! 3.9140.9 
IV | NaCl + K§ 242 | 0.3, 0.2/15.4/63.0/24.7 14.6 
35.6) 0.3) 0.215.4) 7.0/24.714.6 
VI Low salt | | 0.3) 0.2) 1.4 7.0) 3.9 14.6 


* Prepared as described by Osborne and Mendel (1917). 

+t Essentially the Osborne and Mendel salt mixture with sodium and 
potassium carbonates and hydrochloric acid omitted; calcium carbonate 
was increased to 238.1 gm. 

t Calcium carbonate, 404.4 gm.; phosphoric acid, 309.6 gm., 85 per 
cent (180.9 ml. of sp. gr. 1.71). 

§ Potassium citrate (KeCeH;O7-H2,O), 207.8 gm.; sodium chloride, 35.6 
gm. 


Since most of the changes produced by the restriction of dietary 
salts are evident after 60 days on the diet, the present experiments 
were terminated at that time. Under ether anesthesia the ani- 
mals were bled from the abdominal aorta, and the tissues were 
quickly removed, trimmed, adhering fluid removed, placed in 
covered tared bottles, and weighed. 


Analytical Methods 


Ash—-The tissues were dried to constant weight in a vacuum 
oven at 60-65° in carbon dioxide at a pressure of 20 mm. of mer- 
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cury. Approximately 1 gm. samples of the dried and powdered 
liver and muscle were ashed to constant weight in platinum in a 
muffle furnace at 520°. The entire dried kidney was similarly 
ashed. 

Potassium and Sodium—-The ash of 1 gm. samples of dried 
muscle tissue was dissolved in hydrochloric acid and transferred 
to a 50 ml. volumetric flask. A weighed amount of calcium 
hydroxide was dissolved in the acid solution of the ash. The 
phosphates were precipitated by making the solution alkaline to 
phenolphthalein with ammonia, and after dilution to volume they 
were removed by filtration through a dry, ashless filter. Aliquots 
were evaporated with sulfurie acid and ignited. Potassium and 
sodium were determined by Hald’s (1933) modification of the 
methods of Shohl and Bennett (1928) and Butler and Tuthill 
(1931) respectively. Blanks including exactly the same amount 
of all reagents were run with each determination. 

Chlorides—-Approximately 0.5 gm. of finely divided ground 
muscle tissue was analyzed according to the method of Van Slyke 
(1923-24) after an alkaline digestion as described by Sunderman and 
Williams (1933). Because of lack of material, it was necessary to 
ntake the chloride determination on pooled samples of nearly equal 
quantities of mixed muscle tissue of two animals within a group. 

Total Lipids—-Approximately 2.5 gm. of finely ground, dried 
tissue were analyzed for lipids, according to the procedure de- 
scribed by Light et al. (1934). 


Discussion of Methods 


The methods used were in general satisfactory. In the deter- 
mination of 0.5 to 0.8 mg. of sodium, recoveries were on the 
average 97 to 98 per cent. With 1 to 3 mg. of potassium, recov- 
eries were 98 to 99 per cent; and with 0.037 milli-equivalent. of 
chloride recoveries were 98 to 100 per cent. 


Results 


Ash--A comparison of the ash of liver, kidney, and muscle 
(Table IL) shows the latter to be slightly but consistently poorer 
in ash throughout the groups; total or partial deprivation of 
minerals produced no change in the ash content of muscle. Per 
unit of water the liver was somewhat richer in inorganic matter 
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than were the other tissues studied, and the livers of the animals 
of Groups LV (NaCl + K) and V (NaCl) may have contained more 
ash than the livers of the other groups. The kidneys of Group 
III (Ca + P) contained more ash than did those of the other 
groups. Grossly, the kidneys of this group presented a granular 
appearance, and histological examination revealed extensive 
calcification and Smith, 1937). The kidneys of the 


TABLE II 
Ash Content (in Gm.) of Tissues 
Kidney Liver Muscle 
(88/82/83 
seleel sel sel sel ee 
im if 1h 
I (Osborne-Mendel salt mix- Maximum 1482.01 
ture) Mean 1. 27/1. 69 
Minimum 20/1. 60 
II (Osborne-Mendel salt mix- | Maximum 
ture minus NaCl and k) Mean 1.40)1.85)1.36)1.96)1.30)1.73 
Minimum 
III (Ca + P) Maximum |1.92/2.47 
Mean 1. 54/2.03 
Minimum 1.36|1.79 
IV (NaCl + Kk) Maximum 
Mean 1. 36)1.76)1.47/2.06)1. 28/1.69 
Minimum 1.09)1. 2911. 43}1.92)1.14}1.52 
Mean 1.4411. 89}1. 42/2.02/1.32)1.76 
Minimum 
VI (Low salt) Maximum 
Mean 1.4111. 
Minimum 1. 36)1.79 1.311. 87)1. 18/1. 56 


rats on the low salt diet did not contain an excessive amount of 
ash. However, a progressive mineralization of this organ may 
oecur with deprivation of salts, because, after 90 days on the diet, 
there is a higher percentage of ash than normal in the organ and 
calcium appears to be a prominent constituent of the ash (Swan- 
son, Storvick, and Smith, 1936). 

Potassium —The potassium content of mixed muscle taken from 
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the thighs of rats in Groups I, Il, 1V, V, and VI is given in Table 
Il]. ‘The results of the analyses of individual rats are shown. 

The muscles of the rats of Group I (Osborne-Mendel salt mix- 
ture) consistently contained more potassium than was found in 
any other group. ‘The uniformity of the values within this group 
is striking, the variation with six of the rats not exceeding 1.4 
mm per liter of water. In Group II (Osborne-Mendel salt mixture 
minus NaCl and K) the amount of potassium in muscle was 
slightly but consistently smaller than in Group I. The varia- 
tions, somewhat greater than in Group I, were slight. The dietary 
potassium of Group II, as shown by Table I, was greatly reduced. 

With the replacement of more than two-thirds of the dietary 
potassium in Group IV (NaCl + kK), together with sodium and 
chloride, the muscles were no richer in potassium than the muscles 
of the rats on the low salt diet. Furthermore, the muscle potas- 
sium of the potassium-fed animals did not exceed the concentration 
of potassium in the muscles of the animals in Group II which 
received no potassium supplement whatever; in fact, in most cases 
it was less. Muscle tissue was poorest in potassium when sodium 
chloride constituted the only mineral replacement (Group V). 
Although the potassium ingested by the rats of this group was no 
less than that ingested by the rats on the low salt diet, the potas- 
sium of the muscle tissue was considerably diminished. In the 
proup on the low salt diet the potassium content of the muscle 
was variable, never, however, attaining the values of Group I, but 
rather resembling the values of Group IV (NaCl + K). 

Sodium —-Vable IV shows the sodium content of muscle tissue 
of albino rats given diets containing different inorganic supple- 
ments. As was the case with potassium, the sodium content of 
muscle tissue did not vary directly with the amount ingested. 
The muscles of Group I (Osborne-Mendel salt mixture) con- 
tained less sodium than the muscles of Group VI (low salt), and 
sodium occurred in greater concentrations in the muscles of 
Groups IV and V than in Group I, despite the fact that all these 
groups were fed the same amount of sodium. Notwithstanding, 
the largest amount of muscle sodium oecurred in Group V, the 
sodium chloride-supplemented group. It follows from a com- 
parison of Groups IV and V that potassium added to the sodium 
supplement diminishes somewhat the level of the latter in muscle. 
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Chlorides——The results of the analyses of muscle tissue for 
chlorides are given in Table V. In contrast to sodium and potas- 
sium, the chloride content of the diet is apparently reflected more 
directly in muscle chlorides. In Groups I, IV, and V, all of which 
were given comparable amounts of chlorides, the level of this ion 
in muscles was strikingly similar, being 17.3, 16.7, and 17.3 mM per 
liter of water respectively. In the muscles of animals on the low 
salt diet (Group VI) chlorides averaged 13.5 mM per liter of muscle 
water, a value distinctly lower than that of Group I. ‘The chloride 


TaBLe IV 
Sodium Content of Muscle Tissue 
| 


| Geow | 
i 48 del op Group endel | Group IV | Group V | Group VI 
salt mixture minus NaCl + K | NaCl | Low 
| NaCland K = | 
per mM | per mM per | mg. | per | mM | per mM 
OL iM > é ‘ 
cent |per l. om. | cent l.. per 100 cent per cent per per 100 cent | per 


| 


3.1123.1 39.92.5819 7| 24.0 64 29.3) 51.53.4323.9) 42.0 
3.56 24.7) 43.0'2.99 22.5 38.1/3.6227.0 47.0/4.13 30.8) 53 812. 59120.6 33.9 
3.06 22.6 39.62.6119.3 35.53.59 27.7 47.8.4.00)29. 51.53.62/28.4) 48.9 
3.00/21.0) 36.63.03 22.7 24. 3931.1) 50.73.55 25.3] 44.1 
2.89 21.5) 37.52 7622.0 37.84.03 26.6) 46.114.0031.6) 54.33.1225.1 
2 97/22.1) 38.32.86'21.0) 36. 4/3. 1523.8 42.4.3.90/30.1) 52.7/4.24 28.8) 50.2 
2 8621.3 37.1 | 4.1530.5) 52.6 


| | | 


3.06 22.3 3 38.82.80: 21.2) 36.5 3.64267 46.53. 94/30.1 52.4 (3. 56/26. 1) 45.1 


concentration in the muscles of Group Il (Osborne-Mendel salt 
mixture minus NaCl and Kk), likewise restricted with respect to 
chlorides, was also slightly low. It is of interest that the varia- 
tions in chlorides did not follow the changes in base. 

Lipids—The percentage composition of lipids in muscle, liver, 
and skin of animals on the low salt diet and in the replacement 
groups is shown in Table VI. The livers in each group contained 
more fat than was present in the skin or muscle. The tissues of 
Group VI (low salt) were generally poorer in lipids than the tissues 
of the animals given all of the salts (Group I). Deprivation of 
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salts altered most markedly the lipid content of skin and least, 
that of muscle. The addition of sodium, chloride, and potassium 
to the low salt diet (Group IV) did not promote the deposition of 
fat. The addition of calcium and phosphorus, however, sufficed 
to produce a concentration of lipids in tissues similar to, but in 


TaBLE V 


Chloride Content of Muscle Tissue 


Group I Group II 


Osborne-Mendel Osborne-Mendel Group IV Group V Group VI 
” Pvt salt mixture minus NaCl + K NaCl Low salt 
salt mixture 
NaCl and K 
m n | mg. 
per 100 per 100 per 100 per 100 per 100 
per l. per l per l , per l per l gm 


117.3] 46.2) 1 |14.6| 38.8) | 17.6] 47.3} 1 [14.0] 37.2 
17.3, 46.4 15.2 40.4 16.7) 45.0, 17.3 46.1) {13.5} 36.2 
VI 
Lipid Content (Measured in Per Cent) of Tissues 
Muscle | Liver | Skin 


Dry |Fresh| Dry Fresh) Dry Fresh 
matter tissue matter tissue matter tissue 


I (Osborne-Mendel salt mixture) 14.9) 3.68) 5.38) 16.5) 4.07 
| 13.3, 3.25) 16.8| 4.11) 8.5] 2.08 


every case slightly lower than, that produced when all the salts 
were given (Group I). 
DISCUSSION 


The results of the present study in general agree with the limited 
number of analyses of muscle tissue for sodium, potassium, and 


AG 

2 |17.5) 46.8) 2 (15.0! 39.6) 2 (15.3) 40.6) 2 |18.4) 48.2) 2 113.4! 36.1 

2 116.7) 44.8) 2 (14.7) 39.2) 2 47.5) 2 j17.1| 45.6) 2 |13.2) 35.3 
2 117.6) 47.1; 2 115.9} 42.3) 2 118.9) 51.2) 2 {17.2} 46.1} 2 {13.3} 35.7 
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chloride, which have been reported. According to Katz (1896) 
and Costantino (1911) muscle contains 0.23 to 0.47 per cent 
potassium. The fresh muscle of frog contains 0.34 per cent 
potassium (Mitchell and Wilson, 1921), and according to Harpuder 
(1931), the skeletal muscles of rats contain from 341 to 446 mg. 
per 100 gm. of fresh tissues, depending somewhat upon the dietary 
modifications. 

The sodium content of muscle is ordinarily very low; its existence 
in muscle plasma has been questioned, the results obtained being 
explained by the quantities of sodium existing in the intercellular 
fluid and blood. According to Heubner (1931) the sodium in the 
muscle of the dog ranges from 0.05 to 0.09 per cent and of rabbits 
from 0.015 to 0.055 per cent. Harpuder (1931) reported a range 
of values from 10.0 to 64.3 mg. per cent in rats. The chloride 
content of muscle is so small that its existence in the sarcoplasm, 
like that of sodium, has been questioned. In the muscle of human 
beings, rabbits, and dogs the reported chloride concentrations 
range from 0.04 to 0.08 per cent (Heubner, 1931). If, however, 
the chlorides of blood and intercellular fluid are deducted, the 
remaining values may be not more than 0.02 per cent. 

Evidence that dietary potassium per se influences its concentra- 
- tion in muscle is derived from two observations in the present 
study. First, the potassium content of the muscles of Group I 
(Osborne-Mendel) was greater than in Group II (Osborne-Mendel 
salt mixture minus NaCl and K). The animals of these two 
groups were essentially paired; they consumed the same amount 
of food daily for the 60 days of the experiment. Their diets 
differed mainly in that the former contained liberal amounts of 
potassium and sodium chloride, while the latter did not. Second, 
the potassium content of the muscles of Group IV (NaCl + K) 
was greater than that of Group V (NaCl), in which groups the only 
dietary difference consisted of the additional potassium in the 
former. 

Other ions in the diet, however, influence the potassium com- 
position of muscle more profoundly than does potassium itself, 
Liberal reinforcement of the diet with potassium, as in Group IV 
(NaCl + K), did not result in muscles especially rich in potassium; 
however, the addition of other elements, as in Group II, produced 
muscles of high potassium content. Since caleium is the predomi- 
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nating basic ion of Group II, it seems that this ion may, under the 
present experimental conditions, be particularly favorable to the 
maintenance of a normal potassium content in muscle. This 
effect of calcium may be correlated with its ability to maintain the 
animals in good nutritive condition (Eppright and Smith, 1937). 
It is known that the potassium of muscle varies with activity, 
tonus, and state of degeneration (Heubner, 1931). It has also 
been observed that, with muscles fatigued beyond the physio- 
logical limit, potassium diffuses out of the cells so rapidly that as 
much as half of their store may be lost in about 5 hours (Mitchell 
and Wilson, 1921). A progressive loss of excitability apparently 
accompanied the potassium depletion. It is possible that the 
influence of calcium on the potassium content of muscle may have 
a bearing on the ability of the cells to retain potassium; with lack 
of calcium the permeability of the cells may be so altered that 
normal retention of potassium in the cells is impossible. 

Although dietary sodium may, in a measure, influence its own 
concentration in muscle, it is apparently not of primary importance 
inasmuch as the muscle tissue of the animals on the low salt diet 
generally contained more sodium than was found in Group I 
(Osborne-Mendel). Most striking was the observation that the 
amount of sodium in the muscles of animals given all the salts was 
small, while under less favorable dietary conditions it was consist- 
ently augmented. ‘The presence of calcium and related elements in 
the diet (as in Group II) produced muscles with a small concen- 
tration of sodium, as compared to the normal. In the absence of 
calcium and its related elements (as in Groups IV, V, or VI) the 
sodium content of muscle was high, although in some of these 
groups there was no added dietary sodium and the amount in the 
diet was known to be very small. Sodium and potassium unin- 
fluenced by other ions in the diet are mutually antagonistic. The 
potassium content of the muscles of Group V (NaCl) was less 
than that of Group VI (low salt). Conversely the sodium con- 
tent of the muscles of potassium-supplemented animals is some- 
what diminished (see Groups IV and V). Inspection of Table 
VII reveals that some mineral other than sodium or potassium is 
essential to the preservation of the normal ratio of these two ele- 
ments in muscle tissue. From the present series of studies calcium 
appears to be the element involved. <A reciprocal relationship of 


3 
; 
a 
& 
it 
ha 
it 
. 
i 
\ > 
j 
> 
r 
(? 
if 
«i ty 
i 
| G 
4, 
aw, 
a 
4 7 
| 
He 
he 
| é 
Fy 
5] 


690 Influence of Inorganic Salts in Diet 


tissue potassium and sodium has been observed by others. Gerard 
(1912) noted that the tissues of most active function had the high- 
est potassium to sodium ratios whether they were muscular, 
glandular, or nervous. He also obtained results indicating that 
the base content of the tissue cells can be influenced appreciably 
by that of the diet. However, the apparent relationship of cal- 
cium to the preservation of the potassium to sodium ratio has not 
been reported heretofore, so far as we know. 

This increase of sodium in muscle may imply increased sodium 
in serum, in extracellular fluid, or in muscle plasma. Since the 
electrolyte content of the blood is normally remarkably constant 


Tasie VII 
Molecular Ratio of Potassium to Sodium per Liter of Muscle Water 


Group IT | | 


Group I | Mende oup V rc 
6.6 7.5 5.7 4.0 | 5.5 
6.2 6.5 5.2 3.8 6.8 
6.7 7.1 5.3 4.2 4.8 
7.2 6.4 4.7 4.1 5.2 
7.4 6.5 4.3 3.8 5.8 
6.9 6.8 5.4 4.4 4.4 
7.1 4.1 

4.5 
6.8 6.8 | 5.1 4.0 5.1 


despite deprivation of salts (Smith and Smith, 1934) and since the 
cells are assumed to be relatively impermeable to sodium, it seems 
probable that increased sodium in muscles is a reflection of in- 
creased extracellular fluid. However, since the sodium increased 
without a proportionate increase in chloride, which is the chief 
anion of extracellular fluid, it seems more likely that the sodium 
has actually entered the cell and replaced the potassium in 
muscle tissue. The influence of dietary salts on tissue hydration 
will be discussed later. 

Although the number of chloride analyses was small, they 
strongly suggest that dietary adjustments of chlorides are directly 
reflected in the chloride content of muscle. In contrast to the 
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situation as concerns sodium and potassium, chloride storage in 
muscle is less markedly influenced by other ions. Moreover, 
although the chloride ion is biochemically related to the sodium 
ion, it does not, under these conditions, appear to vary directly 
with it in muscle tissue. 

Although the limited number of analyses in the present series 
and the overlapping of results prevent generalizations, it seems 
that the total ash of the soft tissues is strikingly less susceptible 
to dietary alterations than is the ash of the skeletal system. 

On autopsy marked absence in depot fat was observed, par- 
ticularly in rats deprived of calcium and phosphorus. Actual 
determinations of lipids confirmed these gross observations and 
showed that the lack of lipids was not confined to the large depots, 
inasmuch as the tissues examined had been trimmed of all visible 
fat. In the deposition of lipids, calcium and phosphorus again 
seem to play a prominent réle. The striking lack of lipids in the 
skin may be of interest in several connections. Loss of hair was 
particularly common in those groups in which lipids were most 
scarce. Since subcutaneous fat serves to protect against the loss 
of heat, the lack of lipids in the skin may bear a causal relationship 
to the fact that body temperature is lowered in the rat on the low 
salt diet. There may also be a relationship between the increased 
basal metabolic rate of the rat on the low salt diet (I<riss and 
Smith, 1935) and its impoverishment in lipids. 


SUMMARY 


The potassium and sodium contents of muscle are influenced 
more by the calcium in the diet than by the potassium and sodium 
included therein. The ratio of potassium to sodium in muscle 
tissues, much distorted on the sodium chloride, or sodium chloride 
plus potassium régimes, is quite normal when calcium is abun- 
dantly supplied, even though the diet 1s poor in these elements 
themselves. Potassium and sodium are mutually antagonistic 
with respect to their retention in muscle; diminished potassium 
and augmented sodium, in general, accompany a poor nutritional 
state. The chloride content of muscle does not follow these shifts 
of base, but varies more directly with the level of chloride in the 
diet. Directly or indirectly, removal of caleium and_ phos- 
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phorus from the diet greatly reduces the lipids in tissues, partie- 
ularly in skin. 3 
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FURTHER STUDIES ON THE CONCENTRATION OF THE 
ANTIPELLAGRA FACTOR* 


By C. J. KOEHN, Jr., ann C. A. ELVEHJEM 


(From the Department of Agricultural Chemistry, University of Wisconsin, 
Madison) 


(Received for publication, February 5, 1937) 


The non-identity of the true antipellagra factor and flavin is now 
quite definitely established. Using pellagra-like symptoms in 
chicks as a measure of antipellagric activity, we demonstrated, 2 
years ago (1), that flavin was completely inactive but that liver 
extract retained its potency after the flavin was removed by 
adsorption on fullers’ earth. At that time, there was some ques- 
tion, of course, whether the chick method gave a true assay of the 
human antipellagra factor. We supplemented our chick work, 
therefore, with studies on black tongue in dogs. Again we (2) 
found that preparations of flavin from liver extract were com- 
pletely inactive in the prevention or cure of black tongue and that 
the filtrate from which the flavin had been removed was highly 
active. Ina paper by Booher and Hansmann (3) which appeared 
after our paper had been submitted for publication, the following 


* Published with the permission of the Director of the Wisconsin Agri- 
cultural Experiment Station. Supported in part by a grant fromthe Re- 
search Funds of the University. A preliminary report of this work was 
given before the meeting of the American Chemical Society at Pittsburgh, 
September, 1936. 

This factor has been designated vitamin Be or G (Bz) in our previous 
papers (1, 2). However, owing to the fact that the definition of vitamin G 
(B,) given by the Committee on Vitamin B Nomenclature of the American 
Society of Biological Chemists is confusing in light of our present knowl- 
edge, and because certain workers are using vitamin B» (G) for flavin, and 
the English workers retain the term vitamin Be for the whole of the more 
heat-stable part of the vitamin B complex, it seems best to refer to the 
factor described in this paper merely as the antipellagra vitamin. We 
still feel that it is most logical to use vitamin G for the antipellagra factor, 
but final decision must rest with the Committee on Nomenclature. 
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conclusion is made, ‘‘a vitamin G concentrate obtained from low- 
lactose whey powder which carries, in addition to vitamin G 
(lactoflavin) at least one other heat-stable vitamin necessary for 
rat growth, has been found effective for the prevention or cure 
of black tongue.”’ Obviously, the high dose of the concentrate 
which they fed contained sufficient quantities of the antipellagra 
factor to cure the black tongue. Birch, Gyorgy, and Harris (4) 
have verified the conclusion that pure lactoflavin has no curative 
action on canine black tongue. 

Dann (5), working with human pellagrins, has shown that 
lactoflavin is inactive in the treatment of pellagra and that, when 
these patients were subsequently administered liver extract, re- 
mission of symptoms resulted. Thus there is unconflicting 
evidence that flavin is not the antipellagra factor and that another 
substance oecurring in liver extract is responsible for the preven- 
tion and cure of pellagra. 

In the past, most of the studies on vitamin Be or G have been 
earried out with rats. The condition which Goldberger and his 
associates produced in rats and which they believed to be analo- 
gous to human pellagra and canine black tongue appears, according 
to our present knowledge, to have been caused by the lack of 
other factors in addition to the antipellagra factor. In a recent 
publication by Richardson and Hogan (6) evidence is presented to 
show that the deficiency which Goldberger and Lillie (7) produced 
was due to a lack of flavin. Other attempts to produce pellagra 
in rats have resulted in vitamin Be deficiency. Very few, if any, 
investigators have produced uncomplicated pellagra in rats. A 
careful study of the description given by Goldberger and Lillie 
(7) of their animals indicates that the rats may have been suffering 
from a deficiency of at least three factors, e.g. flavin, vitamin Be, 
and the antipellagra factor. In one or two animals they describe 
inflammation of the anterior part of the floor of the mouth and 
also diarrhea. ‘They stated, at that time, that the possibility is 
not excluded that there may be in yeast more than one such 
thermostable factor which further study may succeed in differen- 
tiating. The difficulty has been in supplying all of the necessary 
factors for the growth of rats without contamination with the 
antipellagra factor. We (8) have recently found that rats need a 
new factor which is distinct from the known factors in the B 
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complex. We have designated it the alcohol-ether precipitate 
factor, since it can be separated from liver extract by precipitation 
with a mixture of ethyl alcohol and ether. A survey of the 
literature indicates that many of the rations which have been used 
for the production of pellagra must be low in this factor. We are 
now attempting to purify this factor, as well as other vitamins, to 
such an extent that rations very low in the antipellagric factor, 
yet complete in other respects, can be prepared for rats. 

In the meantime, we have continued our studies on the isolation 
of the antipellagra factor using chicks and dogs for assay. 


EXPERIMENTAL 


The concentrate used in the following procedure was the amyl 
alcohol fraction, the preparation of which has been described 
previously (1). The amyl alcohol solution equivalent to 400 gm. 
of liver extract was concentrated to dryness in vacuo at 50°. The 
residue was dissolved in 100 ec. of 95 per cent ethyl alcohol, trans- 


ferred to a crystallizing dish, and the aleohol removed in a sulfuric 


acid desiccator at 65°. The residue was extracted with acetone 
and the insoluble matter filtered off, which was inactive. The 
filtrate was again concentrated to dryness and desiccated in vacuo 
over calcium chloride for 24 hours. The residue was extracted 
with acetone and more insoluble matter filtered off, which was 
inactive. After concentration to dryness and thorough desicea- 
tion, the solid matter was extracted with 50 ce. of water, where- 
upon much of the inert matter remained undissolved, which was 
filtered off and washed. ‘The combined filtrate and washings were 
diluted to 200 ec. and shaken with 2.0 gm. of norit. The norit was 
filtered off and thoroughly washed with water. The combined 
filtrate and washings were colorless and contained 2.56 gm. of solid 
matter from 400 gm. of liver extract. 

The assay of the final concentrate with chicks is shown in 
Table I. ‘The chicks in the group receiving the basal Ration 
240-H all showed pellagra-like symptoms at 3 weeks of age. The 
rate of growth was definitely retarded. The group receiving the 
concentrate equivalent to 5 per cent of the original liver extract, 
or about 0.7 mg. daily per chick, showed no lesions and weighed 
200 gm. at 6 weeks of age. Thus at least 40 per cent of the vita- 
min present in the original liver extraet was recovered in the 


Pa ; 
- 
“ok 
5 
4 
) 
/ 
4 
te 
a 
| 
j 
a 
# 


696 Concentration of Antipellagra Factor 


concentrate, since 2 per cent liver extract is required to protect 
chicks on this ration. 


TABLE I 


Records of Chicks Receiving Basal Ration 240-H Alone and Basal Ration 
Plus Vitamin Concentrate Equivalent to 6 Per Cent Liver Extract or 
Approximately 0.7 Mg. per Chick per Day 


Four chicks were used for each experiment. 


Time of No. of 
Cases of Weight 
Ration No. appear- chicks 
pellagra ance surviving at 6 wks. 
4 3 | 3 133 
240-H + vitamin B, concentrate...... | 0 | | 4 200 
Vikani ved 
4 


Yitamiin Renoved 
ove 


doo em. 


itam{n Added / Vitamin Added 


Cuart I. Growth records showing the effect of the administration of 
64 mg. of the vitamin concentrate daily to dogs suffering from severe black 
tongue. The asterisk indicates the appearance of severe black tongue. 


This same concentrate was tested on dogs suffering from black 
tongue. The basal ration was essentially Diet 323 of Goldberger, 
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Wheeler, Rogers, and Sebrell (9), except that the cow-peas were 
omitted and the calcium supplied as both calcium carbonate and 
calcium phosphate. It had the following composition. 


Dogs were placed on this ration shortly after weaning until they 
developed typical symptoms of black tongue. This generally took 
6toS8 weeks. At this time the preparation to be tested was added 
to the ration. Since the dogs refused to eat when they were 
suffering from black tongue, the first dose was always fed by pi- 
pette. After the first treatment, their appetites improved imme- 
diately and the preparation was then added to a small amount of 
the ration each morning. In Chart I are plotted the growth 
curves of two dogs that received 10 cc. of the concentrate con- 
taining 64 mg. of dry matter daily. Remarkable responses 
occurred in both cases. Dogs which had refused food for several 
days began to eat 2 hours after administration of the concentrate. 
Within a day the dogs regained much of their vigor, and in 3 days 
they appeared quite normal. <A very rapid increase in weight also 
resulted. Attempts have been made to purify the above concen- 
trate further, but the assays have not been completed. 


DISCUSSION 


Lepkovsky and Jukes (10) have recently reported studies on 
the above factor. The properties of this factor which they 
describe check very well with those which we have found. In 
another paper on the distribution of this factor, Jukes and Lep- 
kovsky (11) suggest that this vitamin should be called the “‘filtrate 
factor’ because they think it is not identical with the P-P factor. 
However, the only evidence which they present is that wheat 
germ, which was found to be a good source of the antipellagra 
factor by Sebrell, is not highly active in preventing the pellagra- 
like lesion in chicks. Different samples of wheat germ may vary 
considerably in antipellagric activity. Although we must not, 
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overlook the possibility that there may be two closely related 
factors, one active in chicks and one in humans, the fact that a 
purified concentrate cures both chick pellagra and canine black 
tongue is strong evidence that we are dealing with one factor. 

Several investigators have mentioned the fact that the factor 
which we have been studying cannot be vitamin Be (G) or the 
P-P factor, because Goldberger and Lillie (7) reported that the 
antipellagra factor, or the factor which promoted growth and 
caused the disappearance of the pellagra-like condition in rats, 
was adsorbed on fullers’ earth. We now know that flavin is 
adsorbed on fullers’ earth and may have been the active material 
which these workers were dealing with. Goldberger also found 
that the limiting factor for growth in rats on a diet in which the 
supply of water-soluble B was Seidell’s “activated solid,’’ was the 
P-Pfactor. Itisentirely possible that the fullers’ earth as prepared 
by them carried some antipellagra factor, because they adsorbed 
directly from yeast extract and did not wash their adsorbate. 
We also know that the alcohol-ether precipitate factor is adsorbed, 
and it has very decided effect on the growth of rats. We have 
shown that the antipellagra factor obtained from liver extract is 
not adsorbed on fullers’ earth and that a solution of the factor can 
be decolorized by charcoal without appreciably lowering its activ- 
ity. Lepkovsky and Jukes also showed that it is not adsorbed on 
charcoal. Thus there is ample evidence that the antipellagric 
factor as found in liver is not adsorbed on colloids. 

If we are correct in concluding that canine black tongue and 
human pellagra are identical, a conelusion which most workers 
agree to, the concentrate which produced such rapid cure of black 
tongue should be highly effective in the treatment of human 


pellagra. 


SUMMARY 


1. A method is described for the further purification of a con- 
centrate of the antipellagrie vitamin. 

2. From 400 gm. of liver extract 2.56 gm. of active dry matter 
were obtained. 

3. Dogs suffering from canine black tongue were completely 
eured when administered this eoncentrate at a 64 mg. daily level. 

4, The concentrate prevented pellagra-like symptoms in chicks 
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when fed at a level equivalent to 5 per cent liver extract or about 
0.7 mg. daily per chick. 


10, 
. Jukes, T. H., and Lepkovsky, S., J. Biol. Chem., 114, 117 (1936). 


5. The antipellagric vitamin is not adsorbed on charcoal. 
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THE DETERMINATION OF PHOSPHOLIPIDS IN BOVINE 
BLOOD 


By GORDON ELLIS ann L. A. MAYNARD 


(From the Laboratory of Animal Nutrition, Cornell University, Ithaca) 
(Received for publication, February 19, 1937) 


In 1934 Blackwood (1) reported results indicating that there was 
no decrease in the lipoid phosphorus content of the blood in passing 
through the lactating gland of the cow, In opposition to the 
earlier work of Meigs and his associates from which it had been 
concluded that phospholipids were the source of milk fat. Data 
in agreement with those of Blackwood were obtained in this 
laboratory, but it was felt that the results would be more con- 
vineing if the phospholipids themselves were determined instead 
of being calculated from lipoid phosphorus. Accordingly, a study 
of the blood before and after passing through the gland was 
undertaken by the oxidative procedure of Bloor (2). Repeatedly 
the results thus obtained for phospholipid were not only variable 
but also 50 per cent or more below the values produced by the 
lipoid phosphorus method. ‘This led us to a critical, comparative 
study of the two methods, which has ascertained the cause of the 
divergence of previous data. A modification of the procedure for 
isolating the phospholipids for oxidation has been developed by 
means of which the results obtained closely approximate those 
‘calculated from the determination of lipoid phosphorus. These 
studies are here described. 


Preliminary Experiments 


The Bloor method of isolating the phospholipids for oxidation 
was checked by determining the phosphorus in the various frac- 
tions obtained. First, the phosphorus in the alcohol-ether extract 
(ipoid phosphorus) was determined. After a suitable aliquot of 
this extract had been evaporated to dryness on the steam bath 
and the dry material extracted with petroleum ether, the phos- 
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phorus in the ether extract and in the residue insoluble in the 
petroleum ether was determined. Next the petroleum ether 
extract was concentrated to a small volume and the phospholipids 
precipitated with acetone and MgCl... ‘The precipitate was dis- 
solved in moist ethyl ether or chloroform, and a phosphorus 
determination made here as well as on the acetone-soluble fraction. 

It was found that the petroleum ether extract contained only a 
fraction of the phosphorus found in the alcohol-ether extract, the 
major part remaining in the residue. ‘The acetone-soluble frac- 
tion contained a small and relatively constant amount of the 
element. The phosphorus precipitated by acetone and redissolved 
in the moist ether or chloroform solution was but slightly less 
than the total phosphorus in the petroleum ether extract, indi- 
cating that the residue of acetone precipitate insoluble in moist 
ether or chloroform contained very little if any phospholipid. 
The amount of phospholipid found in the moist ether or chloro- 
form solution by the oxidative procedure agreed very well with the 
value obtained by multiplying the phosphorus present by the 
factor 25. Thus it became evident that the low results obtained 
by the oxidative procedure were caused either by a faulty petro- 
leum ether extraction of phospholipid from the alcohol-ether 
extract, or by the presence in the alcohol-ether extracts of phos- 
phorus compounds which were not phospholipid and which were 
insoluble in petroleum ether. 

Several experiments were accordingly made to determine 
whether the degree to which the aleohol-ether extract was dried 
made any consistent difference in the amounts of phosphorus in 
the petroleum ether extract. The results showed that no great 
differences could be attributed to this factor. Moist diethyl 
ether was found to behave like petroleum ether as a solvent. 

It was felt that a working hypothesis was afforded by the idea 
that a considerable portion of the phospholipid was the more 
insoluble sphingomyelin which was extracted by alcohol and ether 
from the plasma, but only partially dissolved by the petroleum 
ether. 

In order to test this hypothesis 250 ec. of cow plasma were 
extracted with 2.5 liters of aleohol-ether mixture. ‘The extract 
was concentrated in vacuo to a volume of 100 ec., the temperature 
being kept below 40°. ‘The concentrated extract was placed in a 
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continuous extractor and extracted with petroleum ether at room 
temperature for 10 hours. ‘The petroleum ether extract con- 
tained 11.4 mg. of phosphorus. The water layer was poured into 
an excess of acetone. The slight precipitate formed was cen- 
trifuged off. ‘The precipitate contained 0.2 mg. of phosphorus, 
while the acetone fraction contained 0.3 mg. of phosphorus. Thus 
the total phosphorus in the alcohol-ether extract was the sum of 
11.4, 0.2, and 0.3 mg. or 11.9 mg. The 0.5 mg. of phosphorus not 
dissolved by the petroleum ether represents about 4.2 per cent of 
the total phosphorus in the aleohol-ether extract. 

95 ec. of the above petroleum ether extract, representing 237.5 
ec. of plasma, were poured into 500 cc. of acetone. <A few crystals 
of sodium chloride were added to facilitate precipitation of the 
phospholipids. After settling in the ice box overnight the precipi- 
tate was centrifuged down and washed once with acetone. Re- 
distilled ether was added to the precipitate. <A slight residue was 
insoluble. This was centrifuged down, the ether decanted, and 
3 cc. of pyridine added to the residue. After heating to 60°, the 
pyridine solution was centrifuged hot and the supernatant liquid 
was decanted and set in the cold room. After several days 
spherocrystals were found in the material which crystallized out of 
the pyridine. These were examined between crossed nicols in the 
polarizing microscope. There were a few large, easily distinguish- 
able crystals appearing as a black cross on a white circular back- 
eround. Nearly allof the material crystallizing from the pyridine 
appeared to be spherocrystals. From the work of Rosenheim and 
Tebb (3) it is highly probable that these were composed of sphin- 
gomyelin with cerebrosides as impurities. 

‘The ether solution of the acetone precipitate contained 3.62 mg. 
of phosphorus, which indicated an incomplete precipitation. 
Portions of the ether were diluted and aliquots used for the deter- 
mination of phospholipids by Bloor’s oxidative method. Six 
analyses gave an average value of 74.3 mg. A portion of the ether 
solution was also saponified and the fatty acids extracted with 
petroleum ether after acidification. Eight analyses by Bloor’s 
oxidative procedure gave an average value of 50.9 mg. for the 
phospholipid fatty acids. Thus the ratio of phospholipid to 
phosphorus was 20.5, and the ratio of phospholipid fatty acids to 
phosphorus was 14.1. These ratios are discussed later. 
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In the preparation of phospholipid as outlined above, petroleum 
ether dissolved nearly all of the phospholipid in the alcohol-ether 
extract, while in the Bloor procedure it did not. The only essen- 
tial difference in the two procedures is in the method of concen- 
trating the alcohol-ether. When a vacuum is used, petroleum 
ether serves as a good solvent. When a vacuum is not used, 
petroleum ether fails to dissolve all of the phospholipids. At the 
time these observations were being made Lintzel (4) published a 
method for determining phospholipids in goat plasma in which the 
alcohol-ether extract was concentrated ina vacuum. We adopted 
his procedure with certain modifications. 


70 VAULT 


Fig. 1. Apparatus for evaporating aleohol-ether from lipid extract (one- 
third full size). 


Directions for Procedure Adopted 


Place 100 ec. of alcohol-ether extract in a round bottom, wide 
necked flask fitted with a capillary tube, as shown in Fig. 1. Im- 
merse the flask in a water bath kept at a temperature not exceed- 
ing 50° and apply a vacuum by means of a water pump. When 
the contents of the flask are completely dry, add 10 ce. of petro- 
leum ether (redistilled from concentrated sulfuric acid between 
35-60°). In adding the petroleum ether wash down the sides of 


the flask and the eapillary tube and blow in the last portion 
forcibly to break up the mass of material in the bottom of the 
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flask. Boil off all but 2 or 3 cc. of the petroleum ether on a steam 
bath. ‘Then add 10 cc. of redistilled acetone (dried over anhy- 
drous sodium sulfate) and 3 drops of 4 per cent magnesium chloride 
in 95 per cent alcohol. Allow to stand in the cold room for at least 
2 hours and decant the acetone into a 50 cc. centrifuge tube. 
Blow into the flask three portions of acetone, about 2 ce. each, 
decanting the acetone each time into the centrifuge tube. Re- 
move the acetone by centrifugation. Heat the flask gently on the 
steam bath and with a slow stream of carbon dioxide gas remove 
all traces of acetone from the flask. Then dissolve the precipitate 
in chloroform, pouring from the flask into the centrifuge tube. 
25 ce. of chloroform make a convenient amount. A suitable 
aliquot may be taken for a phosphorus analysis, in which case it is 
unnecessary to centrifuge. The phospholipids are determined by 
Bloor’s oxidative procedure after centrifugation of the chloroform 
solution. ‘To determine the phospholipid fatty acids evaporate 
the chloroform solution to dryness in a 125 ce. Erlenmeyer flask 
on a steam bath. Dissolve the residue in 10 ce. of redistilled 95 
per cent alcohol and add 0.15 ec. of 50 per cent potassium hydrox- 
ide. After heating on the stream bath to dryness, with the 
rate of heating adjusted so that 20 to 30 minutes are required, 
add 2 ec. of sulfuric acid (1:3) and extract with petroleum ether 
(b. p.35-60°). Bloor’s procedure is then used for the determination 
of the fatty acids. 

This method differs from the procedure used by Lintzel, in that, 
instead of centrifuging down the precipitate of phospholipids, he 
used a filter and instead of chloroform he used moist ether. We 
found that either solvent gave the same results, but that chloro- 
form required less time for complete solution of the phospholipids 
and gave more consistent results. Lintzel, using goat blood 
plasma, found that 1 part of phosphorus in the moist ether solu- 
tion of the phospholipids was equivalent to 16.5 to 16.8 parts of 
fatty acid. He determined the phosphorus in the moist ether 
solution and used the theoretical equivalent of 18 in calculating 
phospholipid fatty acids from the phosphorus analysis. 


Results 


By the method outlined above on thirty-nine plasma samples 
the average phosphorus content in the alcohol-ether extract was 
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equivalent to 8.44 mg. per cent and in the chloroform it was 8.09 
mg. percent. The average ratio of phospholipid fatty acids to phos- 


phorus in the chloroform solution was 14. 


The average ratio of 


phospholipids to phosphorus, based on twelve determinations, was 
28. In the case of nine cell samples the average phosphorus con- 
tent in the alcohol-ether was 16.34 mg. per cent and in the chloro- 
form solution, 14.24 mg. per cent. 
pholipid fatty acids to phosphorus in the chloroform solution was 
15.2. Some typical data obtained on plasma, which serve to 


The average ratio of phos- 


TABLE I 
Some Typical Results Obtained by Modified Extraction Procedur 


Ratio of 
R f 

Phos- | Phos- | Phos- 

phorus | phorus ho- Phos- »ho- id 

Cow No. Source of blood in in fipid yho- lipid fons 
alcohol-| chloro-| fatty ipid to v4 d y 

ether form acids phos- ps 
phorus phorus 

mg. per| mg. per; mg. per’ mg. per 
100 ce. | 100 ce. | 100 cc. | 100 ce. 

J-16 (dry) Artery* 9.0 | 8.2] 107 13.1 
Mammary vein| 9.0! 8.6 QY 11.5 

Jugular 9.1 8.8 | 115 13.1 

T-20 (lactating) | Artery 6.6 | 6.3! 106 176 | 27.9 | 16.8 
Mammary vein} 6.5 6.2 94 166 | 26.8 | 15.2 

Jugular 6.9! 6.4} 104 16.3 

P-24 (lactating) | Artery 10.6 | 10.5 | 155 | 291 | 27.7 | 14.8 
Mammary vein| 10.5 | 10.2 | 146 | 291 | 28.5 14.3 

Jugular 2.0.1 13.8 

R-25 (lactating) | Artery 8.0; 8.0] 124 23 28.9 | 15.5 
Mammary vein} 8.3 | 8.0] 126 | 2: 30.6 | 15.7 

Jugular 8.3; 8.1] 134 16.5 


* The arterial blood was drawn from an artery in the wall of the vagina. 


illustrate the variability of the results, are presented in Table I. 
The three blood sources shown were used as a part of our study, 
to be reported elsewhere, confirming the conclusion of Blackwood, 
and also of Lintzel, that phospholipid is not the blood precursor 


of milk fat. 


DISCUSSION 


Bloor (2) found that the lipoid phosphorus method and the 
oxidative procedure gave comparable results with dog and human 
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| plasma. A satisfactory explanation for the failure by his pro- 


cedure to isolate all of the phospholipid from cow plasma extract 
cannot be given at this time. It is interesting to note that, if an 
extraction with petroleum ether is made after drying in vacuo, a 
considerably greater amount of phospholipid is extracted than 
when drying is done under atmospheric pressure. In the few 


instances tried, however, less phospholipid was obtained by 


extraction after drying in vacuo than was obtained by our pro- 


cedure previously outlined. It is also interesting to note that, 
- when about two-thirds of the alcohol-ether mixture was boiled off 
without a vacuum and then dried down completely in vacuo, an 
extraction with petroleum ether gave results no different from 
- those obtained when no vacuum was used. This indicates that 


temperature, and not the physical state due to the method of 
drying, is responsible for the relative insolubility of phospholipids 
in petroleum ether when Bloor’s procedure is used. Recently 
Kirk, Page, and Van Slyke (5) have modified the Bloor isolation 
procedure by evaporating at lower temperature, and Man (6) has 
recommended the use of a vacuum and the exclusion of oxygen. 

No explanation can be made for the low ratio of 20.5 between 
the phospholipids and phosphorus found for the ether solution of 
the phospholipids obtained from the 250 ce. of plasma. The high 
ratio of 28 found in the application of the analytical procedure 
adopted might be due to contamination with oxidizable com- 
pounds, such as the so called ‘‘earnithine” substance (7). The 
low ratio of approximately 14 found for phospholipid fatty acids 
to phosphorus can be partially or perhaps wholly accounted for 
by the finding of sphingomyelin in plasma. Sphingomyelin 
contains but one fatty acid residue for each atom of phosphorus 
and Levene (8) found that drastic treatment was necessary to 
split off this fatty acid. Under the rather mild saponification 
treatment employed in our analytical procedure probably none 
of the fatty acids from sphingomyelin would be included in the 
determination. After this work was completed, Thannhauser and 
Setz (9) published a method for the quantitative determination of 
diaminophosphatide in serum. Using serum from normal adults, 
they found the ratio of diaminophosphatide to total phosphatide 
to be between 1:2 and 1:3. If it be assumed that the lowering of 
the ratio is due entirely to the presence of sphingomyelins, and that 
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the fatty acid is not split off in the saponification, it can be caleu- 
lated that, when the ratio is 14, about 22 per cent of the phos- 
pholipids present are sphingomyelins. 

Stewart and Hendry (10) made astudy of the phosphorus distri- 
bution in the various fractions obtained with Bloor’s procedure, 
using whole blood from an unspecified source. They obtained a 
recovery of about 97.5 per cent of the aleohol-ether-soluble phos- 
phorus in the moist ether solution of the isolated phospholipids. 
They determined the fatty acids obtained by saponification and 
found a ratio of fatty acid to phosphorus of about 13:1 and con- 
cluded that the phospholipid of whole blood must consist of approx- 
imately 50 per cent sphingomyelin and 50 per cent of a mixture of 
lecithins and cephalins. 

Bloor (11) and Schaible (12), working with fairly large amounts 
of plasma, obtained low yields of phospholipid fatty acids and 
suggested that decomposition occurred during the process of 
isolation. This factor may play a role in the present case. It 
may be noted, however, that alcohol-ether extracts of plasma 
when stored for several months gave ratios no lower than extracts 
used a few days after preparation. It was also found that iden- 
tical results for lipoid phosphorus, phospholipid, and phospholipid 
fatty acids were obtained on a plasma sample, one portion of which 
was used the same day it was drawn from the cow and the other 
portion of which was stored for nearly a month at 7° and then 2 
days at 27° before being used. 

Since the ratio of phospholipid fatty acids to phosphorus is low 
for cells as well as for plasma, indirect evidence is furnished that 
sphingomyelin is present in the cells of cow blood. 


SUMMARY 


A suitable procedure has been found for the determination of 
the phospholipids and phospholipid fatty acids in the plasma and 
in the cells of bovine blood, which gives results in substantial 
agreement with those obtained by the lipoid phosphorus method. 

Direct evidence has been obtained that sphingomyelins are 
present in the phospholipids of plasma, and indirect evidence that 
this phospholipid is present also in cells. 
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THE APPLICATION OF SPECTROGRAPHIC ANALYSIS TO 
THE QUANTITATIVE DETERMINATION OF SODIUM, 
POTASSIUM, CALCIUM, AND MAGNESIUM 
IN BIOLOGICAL FLUIDS 


By kK. B. THOMSON anp WILLIAM C. LEE 


(From the Department of Physics, University of Michigan, Ann Arbor) 
(Received for publication, February 17, 1937) 


Qualitative analysis with the spectrograph has occupied an 
important place in biological chemistry for many years, as is 
evidenced by the large number of papers appearing in biological 
journals in which the spectrograph has been used to prove the 
presence of traces of various elements. Quantitative spectro- 
graphic analysis, on the other hand, has been largely neglected, 
although the speed of the method and the simplicity of the tech- 
nique involved should make it very useful. This neglect appears 
to be due to a general impression that exact analyses cannot be 
made with the spectrograph. The purpose of the work described 
in the present paper was to show that quantitative spectrographic 
analyses of biological material could be carried out with an aecu- 
racy comparable to that obtained by chemical analysis. Since 
this is true for elements which oecur in higher concentrations, such 
as those mentioned in the title, the spectrograph should have a 
decided advantage for elements occurring in lower concentrations. 

The method of analysis which has been used is similar to one 
recently described by Duffendack, Wiley, and Owens (1), but 
involves certain improvements, especially in the source used for 
the excitation of the spectra. In developing this source, the 
primary consideration has been the accuracy of the results. An 
effort has also been made to develop a source which will remain 
permanently in adjustment, and will not be disturbed by such 
operations as loading, and cleaning after use. 
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Source 


The source which was finally adopted, as best meeting these 
requirements, consists of a spark between two horizontal jets from 
which the solution drips. <A preliminary description of this 
source was presented to the American Society for Testing Mate. 
rials, at the 1936 annual meeting (2). Two forms of this appara- 
tus have been used, which differ only in the manner in which the 
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Fic. 1. First form of source. J indicates the jets; W leads, gold wires 
through rubber caps; 7’ rubber connecting tubes; ff reservoirs; S strings 
leading to winding drum. 


flow of solution through the jets is produced and controlled. In 
the first form, illustrated in Fig. 1, two reservoirs are connected 
to the jets by means of rubber tubing. ‘The reservoirs are straight 
glass tubes of uniform cross-section and are suspended on strings 
which pass over a drum rotated by a motor at constant speed. 
As the reservoirs are raised, the solution spills out through the 
jets, keeping the level of the liquid in the reservoirs at the height 
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of the jets. The rate of flow can be regulated by changing the 
diameter of the reservoirs or the size of the drum. 

In the second form, the reservoirs are rigidly attached to the jets 
by glass or quartz tubing, and are bent along the are of a circle, 
as shown in Fig. 2. The center of the circle les on the axis of the 
jets, and the whole apparatus is rotated about this axis with uni- 
form angular velocity. hus the spark between the jets remains 
fixed in position while the liquid is spilled out through them by 
the rotation. This form has an advantage over the first, in that 
it requires Jess solution for an analysis, due to the elimination of 
most of the connecting tubing. 

The jets may be made either from glass or quartz, thelatter 
material being preferable because it is not damaged when the 


Fic. 2. Photograph of rotating jet form of source 


spark strikes to the wall of the jet, as may happen if a bubble 
passes through. The jets are rigidly attached to each other by « 
rod of the same material which serves to keep them at the proper 
distance from one another. They are made from tubing with an 
internal diameter of about 5mm., which is large enough to prevent 
undue heating of the solution by the passage of the current through 
it, and are drawn down at the end to a diameter of about 0.75 mm. 
Klectrical contact is made with the solution by means of gold wires 
passing through rubber plugs or caps. The source is cleaned after 
use simply by flushing with distilled water. 

A source, somewhat similar in form, consisting of a spark be- 
tween two electrodes of the solution to be analyzed has also been 
used by Lukas (3), who obtained rather erratic results with it. 
We have found that when precautions are taken to keep the jet 
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separation and the rate of flow constant, this source gives very 
consistent results. 

The spark is excited by a 1 kilovolt-ampere, 25,000 volt. trans- 
former, run on 110 volt, 60 eyvele alternating current and regulated 
by a rheostat in the primary circuit. No condensers or extra 
inductances are used in the circuit, which is highly inductive, due 
to the self-inductance of the transformer used. The spark ob- 
tained in this way is very are-like in character, and excites only 
the lowest members of the are series in the spectra of the elements. 
Consequently, there is practically no choice in the lines which may 
be used in the analyses. The lines used in the present work were 
as follows: magnesium 2852 A., sodium 3303 A. (unresolved pair), 
potassium 4044 A., caleium 4226 A. In addition to these elements, 
copper and indium were introduced ito the solutions in known 
amounts to serve as internal standards, and the copper lines at 
3247 A. and 3274 A. and the indium line at 4101 A. were used. 
The use of copper as an internal standard for biological fluids 
might be questioned on the ground that some copper may be 
present normally in these materials, but tests indicated that the 
amount to be expected is so small compared to the amount added 
that no appreciable error is introduced. 

A number of experiments were carried out to determine the 
effects of changes in the set-up. It was found that changes in the 
spark current and jet diameter had no important effect on the 
relative intensities of the lines. The spark current was limited by 
the danger of boiling the solution in the jets, which caused the 
spark to strike to the walls of the jets. With the dimensions given 
above, a current of 33 milliamperes was found to be quite safe. 

(Changes in the rate of flow of solution and the separation of the 
jets hada very marked effect. The spark became unstable when a 
gap of more than about 5.5 mm. was used, and the calcium line 
became very weak when short gaps were used. The most satis- 
factory gap between the jets was found to be 4.5 to 5mm. The 
calcium and potassium lines were very sensitive to changes in the 
rate of flow of the solution and showed changes in opposite direc- 
tions. If the rate of flow was increased, the calcium line became 
stronger, and the potassium line weaker. At the same time, the 
results of the analyses for calcetum became more consistent, while 
the results for potassium became somewhat erratic. The effects 
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of this change are shown in Table Il. The rate of flow will thus be 
regulated according to whether accuracy 1s more important for 
ealcilum or for potassium. A rate of flow of about 1 ce. per minute 
from each jet was found to give the most satisfactory results for 


TABLE [ 


Analyses of Test Solutions Obtained with Flow of 1 Cc. or 4 Ce. per Minute 
from Each Jet 


All results are in mg. per 100 ec. 


Magnesium | Sodium | Potassium Calcium 


Found | Theoretical | Found |Theoretical | Found ‘Theoretical Found | Theoretical 


Flow of 1 ce. per min. 


31.3 70.0 | 247 | 250 | 108 200 


7.5 | 10.0 
6.3 175 175 8.5 9.0 
9.4 | 10.0 | 312 | 310 202 210 7.31 os 
11.2 10.0 | 314 | 300 194 200 6:41 RA 
10.5 10.0 | 241 | 250 168 175 14.2 | 15.0 
10.7 0.0 | 2s 250 170 175 15.1 15.0 
6.9 7.0 | 335 350 247 250 10.4 8.0 
7.3 9.0 | 300 300 151 150 12.0 | 11.0 
9.3 9.0 | 299 300 151 150 11.4 | 11.0 
10.5 10.0 | 295 300 207 200 23.0 | 20.0 
Flow of 4 cc. per min. 
10.8 10.9 | 285 300 160 160 19.1 | 19.9 
8.7 8.9 | 372 373 209 190 14.5 | 14.3 
9.7 8.9 | 362 a 190 14.7 | 14.3 
14.1 23 | wi 300 182 192 24.6 | 23.5 
300 207 222 19.0 | 18.8 
| | 191 200 20.0 | 20.0 
11.4 | 10.0 | 296 | 300 186 200 20.3 | 20.0 
8.6 | 9.0 | 284 | 300 129 150 10.1 11.0 
6.3 | a | 326 | 319 | 205 200 10.0 | 10.1 


potassium, while a flow of 4 ec. per minute gave better results for 
calcium. 
Preparation of Solutions 
Preparation of Standard Solutions for Working Curves and for 
Tests—In order to obtain a working curve for an element, a series 
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of solutions was made up containing varying concentrations of 
thatelement. In each solution of the series a fixed amount of each 
of the other elements to be determined was included. These 
amounts were chosen to be approximately representative of normal 
urine, so that when analyses were made from the working curves, 
the process of correcting for the effect of one element on another, 
described by Duffendack, Wiley, and Owens (1), was greatly 
simplified. It was found sufficient, in using these curves, to 
make a single approximation from the correction curves. 

Standardized stock solutions of the chlorides of the four ele- 
ments and of the internal standards were used in making up these 
standard solutions. ‘To increase the conductivity of the solutions, 
and to reduce the effect, observed by Duffendack, Wiley, and 
Owens (1), of variable chloride and sulfate concentrations on the 
relative intensities of the lines, hydrochloric and sulfurie acids 
were added in such quantities that acidity, total chloride, and 
excess sulfate were the same for each solution. By excess sulfate 
is meant the amount of sulfate above that required to combine 
with the metal bases present. In each solution the total chloride 
and excess sulfate each amounted to 0.05 equivalent per 100 cc. 
of solution. Unknown test solutions were made up from the same 
stock solutions and had the same acid concentrations as the 
standard solutions. 

Preparation of Urine Samples—-Duffendack, Wiley, and Owens 
(1) have recommended the following procedure for the preparation 
of urine for analysis: “Remove the phosphates from the urine, 
ash the filtrate with sulfuric acid until the excess acid is removed, 
dissolve the ash with 10 ec. of 5 N hydrochloric acid or its equiva- 
lent, add to this solution 5 cc. of 10 N sulfuric acid and [the internal 
standard] and dilute to 100 ec. [the original volume].”’ This pro- 
cedure was tested in the present work, by comparison with chemical 
analyses, and it was found that there was invariably an apparent 
decrease in potassium and a roughly equivalent increase in sodium. 
The difference in potassium analyses was small (5 to 8 per cent of 
the amount present), but well above the normal errors of the 
method. To avoid this difficulty a less drastic method of oxida- 
tion was adopted. The urine was heated first with nitric acid, 
then with a mixture of nitric and sulfuric acids until most of the 
nitric acid was driven off. Obviously, such a method made it 
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impossible to duplicate exactly the chloride and sulfate concen- 
trations of the standard solutions and introduced a small unknown 
amount of nitric acid, but tests indicated that the variations 
introduced into the analyses by this procedure were too small to 
be detected. The following is the detailed method of preparation 
finally adopted: A sample of urine—usually 300 to 400 ec.— was 
pipetted into a 500 cc. volumetric flask, and made just acid to 
methyl red with 5 per cent acetic acid, to prevent precipitation of 
tricalcium phosphate. The flask was then placed in a water bath 
and a 3.5 per cent solution of uranyl acetate was added slowly 
until the precipitation of phosphate was complete, a 10 per cent 
solution of potassium ferrocyanide serving as an outside indicator. 
The mixture was diluted to volume, shaken, allowed to stand for an 
hour, and filtered. An aliquot of the filtrate, 100 to 150 cc., was 
pipetted into a 300 ee. Kjeldahl flask, 25 cc. of concentrated nitric 
acid were added, and the mixture was boiled down to a small 
volume. Then 5 ce. of 10 N sulfuric acid were added and the 
mixture was heated carefully until most of the nitric acid was 
expelled. The contents of the flask were then transferred to a 
100 ce. volumetric flask, and 10 ec. of 5 N hydrochloric acid and 
the proper quantities of internal standard were added. Upon 
diluting to volume, the specimen was ready for spectrographic 
analysis. 

The volume of material used above is, of course, much greater 
than is necessary, as the whole operation can be carried out on a 
much smaller scale. Complete determinations have been carried 
out in cases where the amount of urine available was as small as 
10 ce. 


Method of Analysis 


The method of analysis used is essentially that described by 
Duffendack, Wolfe, and Smith (4), although it differs in some 
details. A working curve is constructed for each element by 
plotting the logarithm of its concentration against the logarithm 
of the intensity of its line relative to a standard line. When the 
logarithms are used, the resulting curve is a straight line over 
most of its length. In addition to these curves, another set is 
drawn, showing the effect of each element on the intensities of the 
lines of the other elements, and corrections are made to the 
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analyses from these curves. Examples of these curves have been 
given in a previous publication (2). The line intensities were 
measured by the method of Thomson and Duffendack (5). 


Results of Analyses 
Table I gives the results of analyses of a number of test solutions. 
Each of the analyses given is the result of a single set of measure- 
ments on one plate, and these results were obtained before the 


TABLE II 


Comparison of Spectrographic and Chemical Analyses of Urine Samples with 
Flow of 1 Ce. per Minute through Each Jet 


The concentrations are expressed in mg. per 100 cc. 


Magnesium | Sodium | Potassium Calcium 
| Chemical | Chemical | Spectro | Chemical | spectre” | Chemical 
10.0 11.8 361 | 346 243 245 14.2 13.9 

10.0 355 | 234 13.1 
11.0 351 | 237 13.6 
10.6 362 240 14.5 
7.0 7.5 322 335 213 210 10.9 10.6 
7.4 342 205 10.9 
6.9 343 209 11.7 
7.3 332 218 11.4 
6.8 7.5 351 335 211 210 12.5 10.6 
72 359 214 13.2 
6.9 343 212 12.1 
347 215 12.0 
11.0 9.9 390 391 195 204 12.3 11.3 
10.1 384 188 12.1 
9.6 387 | 197 12.7 
9.6 385 | | 182 13.7 


theoretical values were known to the analyst. <A large number of 
such analyses were carried out in testing the method, but only a 
number of representative examples are given in Table I. 

Table II shows a comparison of chemical and spectrographic 
analyses of urine samples. Large samples were made up, and a 
number of spectrographic analyses were made on each sample. 
The methods used for the chemical analyses were as follows: 
magnesium, Briggs’ method (6); sodium, method of Butler and 
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Tuthill (7); potassium, method of Shohl and Bennett (8); calcium, 
method of Shohl and Pedley (9). 

The method has also been applied to analyses of saliva. Owing 
to the lower concentration of the metal salts in saliva, it was 
necessary to reduce the volume of the saliva to one-fifth its original 
volume before analysis, but otherwise the treatment was exactly 
the same as for urine. Three analyses of one saliva sample gave 
the following concentrations: magnesium 0.16, 0.15, 0.15 mg. per 
100 cc., sodium 36, 36, 36 mg. per 100 cc., potassium 89, 88, 87 mg. 
per 100 ce., calcium 5.3, 5.2, 5.6 mg. per 100 cc. No chemical 
analyses were made of this sample. 

Practical use has been made of the method in connection with 
certain metabolism experiments to be reported by Dr. R. L. Grant 
from the laboratory of Dr. L. H. Newburgh at the University 
Hospital in Ann Arbor, and it was found to give very satisfactory 
results. 


DISCUSSION 


The results given in Tables I and II show that the method here 
outlined will give fairly accurate analyses for sodium, potassium, 
and, under proper conditions, for calcium. Slightly less accurate 
analyses can also be made for magnesium. ‘The ranges of concen- 
trations over which the method can be used without modification 
are summarized in Table III. These ranges can undoubtedly be 
extended in a number of cases by slight modifications, such as the 
use of other lines for the analyses, if such extensions are necessary. 
The ranges have been divided into two parts, possible and favor- 
able. ‘The limits are not very definite, and depend to a consid- 
erable extent on the conditions under which the source is used. 
The lower limit of the possible range is the concentration at which 
the line used just appears on the plate, under normal conditions of 
excitation and exposure. Since such weak lines cannot be meas- 
ured accurately, the lower limit of the favorable range has been 
placed a little higher, where the line has become strong enough 
for accurate measurement. ‘The upper limits are set by a variety 
of considerations. For calcium, the upper limit is determined by 
the solubility of ecaleium sulfate. There appears to be some 
danger of precipitation above the upper favorable limit given. 
The upper possible limit for sodium and potassium is set at the 
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concentration at which the spark becomes unstable. The other 
upper limits are set by considerations of line intensities. 

Within the favorable range, the results obtained for sodium 
and potassium show variations of the same order of magnitude as 
those obtained by running the same plate through the micro- 
photometer several times. In other words, the fluctuations in 
the source are no greater than the errors in reading the micro- 
photometer. In the course of the tests made on the source, 97 
test solutions were analyzed for sodium. Of these analyses, 
twenty-five were within 1 per cent of the theoretical value, 82 
were within 5 per cent, and only three were more than 7 per cent 
off. The largest error found was less than 9 per cent of the amount 


TABLE III 
Concentration Ranges over Which Analyses Can Be Carried Out 


The concentrations are expressed in mg. per 100 cc. 


| Possible range Favorable range 
| Low | High Low High 
Magnesium........... 0.1 | 100 1.0 10 
10 | 1000 50 700 
| 50 | 1000 100 800 
| 5 _Indefinite* 10 100 


* The limit for calcium is set by the solubility of calcium sulfate in the 
acid solution which is used for the analyses. 


of material present. The analyses for potassium are. slightly 
better, in general, than those for sodium, because the intensity of 
the potassium line increases a little more rapidly with concentra- 
tion than the sodium line, making errors in reading the micro- 
photometer less important. The intensity of the magnesium line, 
on the other hand, increases more slowly with concentration, so 
that errors in reading the microphotometer are about twice as 
important for magnesium as they are for potassium. Thus larger 
errors are to be expected in the magnesium analyses, but this factor 
is not sufficient to account for the observed variations. It appears 
that there are uncontrolled fluctuations of the magnesium line 
intensity with this source which make the results somewhat 
erratic for magnesium. 


| 
rf 
| 
| 
| 
| 
| 
| 
| 


Ix. B. Thomson and W. C. Lee 721 


SUMMARY 


A quantitative method of spectrographiec analysis for biological 
fluids has been presented, which has proved satisfactory both in 
laboratory tests and in practical use. The method has some. 
advantage over chemical methods in speed, as, after the solutions 
are prepared, one man can easily carry out the analysis of twenty 
solutions for all four metals in a day. Another advantage of the 
method is its complete freedom from any operations which require 
judgment on the part of the operator. After the solutions are 
prepared, any errors which occur will be apparatus errors, and we 
have found that an intelligent laboratory technician gets the same 
accuracy with the method as the men who developed it. The 
average error 1n a large number of analyses for sodium and potas- 
sium was less than 3 per cent of the amount present, and the 
maximum error was less than 10 per cent of the amount present. 
Accuracy 1s slightly less for analyses of calcium and magnesium. 


The authors wish to acknowledge their indebtedness to the 
Rockefeller Foundation, who financed this work, and to express 
their gratitude to Professor O. S. Duffendack, who directed the 
work, and to Professor H. M. Randall, the Director of the Depart- 
ment, who took a very active interest in it. They are also in- 
debted to the General Motors Corporation, owners of a patent on 
the method, who have made it freely available for medical pur- 
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THE REACTIONS OF AMINO AND IMINO ACIDS 
WITH FORMALDEHYDE 


By MILTON LEVY anp DAVID E. SILBERMAN 


(From the Department of Chemistry, New York University College of Medicine, 
New York) 
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A basis for the systematization of the equilibria between formal- 
dehyde and amino acids has been developed and utilized in a study 
of the formol titration (9-11). The present paper contains data 
for several more amino and imino acids, a study of the slow reac- 
tion of asparagine with formaldehyde, and discussion of certain 
points in the literature. 


Equilibria of Amino and Imino Acids in Formaldehyde 


The experiments consist of the determination of the variation 
of the apparent dissociation constants of the amino or imino 
groups with the formaldehyde concentration. A solution of the 
substance with the necessary amount of NaOH to half neutralize 
the nitrogen group was prepared (pH is equal to pK,,) and titrated 
with a concentrated solution of formaldehyde (9, 11). The pH 
values, which are equal to pG,;, were measured with the He elec- 
trode. They are plotted in Figs. 1 and 2 against the logarithms 
of the formaldehyde concentrations. The substances reported on 
are dl-alanine, dl-valine, l-aspartic acid, l-tryptophane, dl- 
sarcosine, and l-hydroxyproline. The purity of each was checked 
by the Kjeldahl nitrogen, the Van Slyke amino nitrogen, and the 
acid and alkali equivalents. 

Constants for Equilibria—The data of Figs. 1 and 2 were ana- 
lyzed as previously deseribed (9) for the determination of Ly, 
the association constant of the anion for 1 mole of formaldehyde, 
and Le, the association constant of the anion for 2 moles of formal- 
dehyde. The curves of Figs. 1 and 2 were plotted from these 
two constants and the appropriate pk, by the use of the equation 


(1) pG, = pK, — log (1 + LiF + LF?) 
723 
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in which F is the formaldehyde concentration in moles per liter, 
The values of L, and Ley are given in Table.I, along with those 
previously available. Attention is called to the fact that Le is 
zero for all of the imino acids and for tryptophane. This means 
that the imino acids react with only 1 mole of formaldehyde 


— | 


10 


Fie. 1 Fic. 2 


Fic. 1. The ordinate scale represents the apparent dissociation constants 
of the amino acids; the abscissa, the logarithms of the formaldehyde con- 
centrations in moles per liter. Curve I, valine (1 has been subtracted 
from the pGy values for plotting); Curve II, dl-alanine; Curve III, aspartic 


acid, 
Fig. 2. Ordinate and abscissa as in Fig. 1. Curve I, tryptophane; 
Curve II, sarcosine; Curve III, hydroxyproline. 


under our conditions. The constants for the approximation equa- 
tions 

(2) pG; = pkK,l. — 2 log F 

for the imino acids except tryptophane and 

(3) pGy = — log F 


for the imino acids and tryptophane have been read from Figs. 
land 2. These constants are expected to differ slightly from the 
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calculated values (7.e. pK, — log Le) because of the approximate 
nature of Equations 2 and 3. The values of the constants are 
given in Table I. 


TABLE I 
Formol Constants of Amino and Imino Acids at 30° 


| 0% CH:0 
Amino acid | pKe L* L2* pK Let 
| pG, | pGyt 
'9.60 | 60| 290 | 6.65] 5.70] 5.92 
| 9.72 | 22 75 | 7.81, 6.86) 6.96 
l-Leucine...... | 950 16 35 | 7.87) 6.92 
dl-Valine.... 12 | 8.20) 7.25) 7.47 
dl-a-Aminophenylacetic acid§........| 8.84 13 77 6.90} 5.95 
8.99 16 23 | 7.57) 6.62) 6.80 
9 07 10 5 | 8.45) 7.50 
pKl 
10.30 | 112 8.25) 7.78 
pKl2 
d-Lysine,|| pKs..... 10.56 | 240 | 309 | 8.10) 7.15 
91 6 10°) 3.50} 3.40 
dAGlutamic acid 9.32 | 22 24 | 7.87; 6.91 
l-Aspartic 9.83 | 26 37 8.16) 7.21 


* LL, is the association constant of the amino or imino acid anion for 
1 molecule of formaldehyde (called Kz in a previous paper (9)). J is 
the association constant of the amino acid anion for 2 molecules of formal- 
dehyde (called A; in a previous paper (9)). 

+ This constant will differ from pK, — log Lz, because it is derived for 
an approximation formula and is read directly from the curves. 

t Data of Dunn and Loshakoff ((4) p. 359). 

§ In a previous paper, this substance was erroneously labeled 8-phenyl- 
a-aminoacetic acid, 

| For a complete description of the behavior of these compounds in 
formaldehyde see Levy (9). 
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DISCUSSION 


Methods—The use of the hydrogen electrode in formaldehyde 
solutions, especially at high concentrations, has been criticized by 
Tomiyama (17). Balson and Lawson (1) have since published re- 
sults obtained with this electrode and confirm our experience that 
it is reliable even in 5 or 6M formaldehyde. A comparison of our 
data with the glass electrode measurements of Dunn and Losha- 
koff ((4) p. 691) and Dunn and Weiner (5) shows that in 9 per 
cent formaldehyde there is an approximate agreement (the last 
two columns of Table I). The differences are probably due to the 
differences in temperature and salt concentrations. 

Polymerization of Formaldehyde—It is not probable that the 
polymerization equilibrium of formaldehyde, which does not 
involve either liberation or absorption of H ion, is affected by 
pH. Tomiyama is, however, unwilling to accept data at higher 
formaldehyde concentrations because of a supposed effect of pH 
on the polymerization equilibrium. He supports this by refer- 
ence to a paper by Jahoda (6) in which the conclusion is reached 
that alkalinity favors depolymerization. The experimental data 
in Jahoda’s paper are drawn from a polarigraphic study of formal- 
dehyde solutions. The effects that led to the conclusion could 
probably be explained as well on the basis of ionization of formal- 
dehyde in the alkaline medium (10). 

The rate of attainment of polymerization equilibrium does 
depend on pH, as shown by Wadano, Trogus, and Hess (18). 
Using interferometer readings as a measure of rates, they found a 
minimum rate between pH 2 and 4 and a rapid rate at pH 6 and 
above. For this reason and because of the consistency of our 
data we believe that the polymerization equilibrium had been 
reached at each point reported. (In the case of arginine the low 
pH values were perhaps the cause of the slow attainment of 
equilibrium (11).) 

The polymerization equilibrium is such that the free formal- 
dehyde concentration remains nearly proportional to the total 
concentration over the significant range. Parks and Huffman 
(12) state that the partial vapor pressure data of Ledbury and 
Blair (8) on formaldehyde solutions follow Henry’s law approxi- 
mately. The constants L; and lL» for our equilibria may carry a 
concealed polymerization constant in the same way that the 
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hydration equilibrium constants of NH; and COs, are concealed in 
their commonly used acid-base constants. 

Calculation of Constants—The reactions which Tomiyama set up 
as the basis of his calculations are the hydrogen ion dissociation 
of the amino or imino group and the reaction of the anion with 
1 molecule of formaldehyde. ‘The two reactions correspond to 
Equations 1 and 2 of the system we have used (9). He tested his 
equations by the use of data on glycine,’ alanine, and proline. 
His restriction of the formaldehyde concentration to 0.2 mM or 
less has been pointed out as the reason for his failure to find more 
than 1 molecule of formaldehyde reacting per mole of amino 
acid (Balson and Lawson (1)). There is no disagreement in the 
ease of proline. 

It seems to have been ‘Tomiyama’s impression that we consid- 
ered only the reaction with 2 molecules of formaldehyde. Our 
papers (9, 11) plainly state, however, that amino acid anions 
react with 1 as well as with 2 molecules of formaldehyde. His 
calculation of K,,) is not a valid test of our hypothesis under his 
experimental conditions. 

Dunn and Weiner have made measurements similar to ours, 
using the glass electrode. ‘They confirm the adequacy of approxi- 
mation Equation 2 for the formaldehyde concentrations between 
3 and 10 per cent. ‘The numerical values of their constants differ 
slightly from ours, but the temperature used by them was 22°, 
whereas we worked at 30°. They did not test the more exact 
Equation 1, preferring to use an empirical formula for the more 
exact description of the changes of pl with formaldehyde con- 
centration. We believe that such formulas should be avoided 
if an equation based on equilibrium reactions can be used. 

Our data do not show evidence for reaction with a 3rd molecule 
of formaldehyde, as proposed by Balson and Lawson (1). We are 
not certain of the reason for this. Their final formaldehyde 
concentrations were usually somewhat higher than ours, and, 
since the third constants are small, we may have missed them. 

End-Point and Error—-The end-point calculations given by 


‘The tabulated data given in Tomiyama’s paper for glycine are not 
consistent with the A.q values that he gives. Dr. Tomiyama, in a 
personal communication, states that this is due to an error of the ratio of 
glycine to glycine anions given in the table but not made in the calculations, 
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Tomiyama are quite misleading. The limitations which he set 
on the formaldehyde concentration remove his data far from any 
practically used formol titration. The result is that he finds it 
necessary to extrapolate from 0.2 M to 3.3 mM (10 per cent) formal- 
dehyde. It is difficult to justify his extrapolation in view of the 
existence of our own studies which make it unnecessary and which 
are incompatible with the method of extrapolation. The use of 
K,, as an index of the behavior of the solvent towards alkali is 
erroneous because of the acidity of formaldehyde (11). 

Dunn and Loshakoff ((4) p. 359) have performed formol titra- 
tions of carefully purified amino acids with the glass electrode. 
They locate the end-point by the method of slopes. This excel- 
lent method is independent of the exact evaluation of the pH of 
the end-point. Its greatest accuracy is obtainable when the 
slope of the titration curve at the end-point is maximal (Roller 
(13)). This is the basis on which we calculated the optimal condi- 
tions for the formol titration. The error which we calculated 
for these conditions and a colorimetric end-point determination 
accurate to 0.1 pH was 0.5 per cent. For the conditions of Dunn 
and Loshakoff, however, the expected error is one-third as great 
if the potential readings are accurate to 0.5 millivolt (Roller 
(13)). The error becomes proportionately smaller as the potential 
readings become more accurate. 


Behavior of Asparagine in Formaldehyde 


For many years the methylene amino structure for the products 
in the formol titration has been accepted. It is found in nearly 
all text-books dealing with the subject. Our data require that 
the amino acids react finally with 2 moles of formaldehyde and 
that imino acids react with 1. We have therefore reexamined 
the basis of the methylene amino structure. 

The structure is based primarily on a compound isolated by 
Schiff (14) from asparagine and formaldehyde. He dissolved 
asparagine in warm water and added formaldehyde. A substance 
precipitated which lost a molecule of formaldehyde on washing 
or drying. The residue has the composition of a methylene 
asparagine. <A copper salt was also prepared and analyzed. 

Later Cherbuliez and Stavritch (2) showed that when this 
methylene asparagine was submitted to the Hoffman reaction 
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a pyrimidine resulted instead of the expected product. Oxida- 
tion with KMnQ, also produced a pyrimidine derivative. This 
and our own data can best be interpreted as showing that 
methylene asparagine is a reduced pyrimidine. 

Two types of experiments were performed. The first began 
as an attempt to make the same sort of measurements on aspara- 
gine that we have made on other amino acids. 0.5 equivalent of 
alkali was added to a solution of asparagine and formaldehyde 


| I 
| | 
| 
| 
| 
7 7 
log F | Minutes 
10 40 8 0 120 160 


Kia. 8. Reaction of formaldehyde and asparagine. Curve I represents 
the extrapolated initial points of the time curves. Curve II, the final 
equilibrium points. The figures above the time curves show the formalde- 
hvde concentrations in moles per liter. 


added. ‘The potentials changed in a peculiar manner. The 
course of the changes is shown in Fig. 3 for four different formal- 
dehyde concentrations and 0.01 M asparagine. Final pH values, 
also shown in Fig. 3, were measured after 2 or 3 days. 

The second group of experiments consisted of determinations of 
the amino nitrogen by the Van Slyke manometric method after 
varying periods of contact between the aspargine and formalde- 
hyde. The formaldehyde concentrations, pH, and asparagine 
eoncentrations were varied. The formaldehyde concentrations 
were at least 10 times the asparagine concentrations. 
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Zero Time-pH—The time-pH curves of Fig. 3 have been ex- 
trapolated to zero time and the pH values so obtained plotted 
against the logarithms of the respective formaldehyde concentra- 
tions on Curve I of Fig. 3. The curve so obtained is like that for 
the equilibria of other amino acids; that is, it reaches a slope of 
2 as the formaldehyde concentration increases. It is therefore 
postulated that there is an instantaneous equilibrium set up which 
may be formulated like that of other amino acids. ‘The aspara- 
gine anions react at once with 1 or 2 molecules of formaldehyde. 
Our data are not extensive enough to calculate L; but pKele is 
7.05 as obtained by extrapolation along the slope of 2. 

Disappearance of Amino Nitrogen—--The rate ot disappearance 
of amino nitrogen by the Van Slyke method is consistent with 
the reaction 


==0 
CH, CH, CH, 
| + CHO = | 4+ H,0 
CH—NH; CH———-NHj; 
| | 
CoO COO” 
(4) (a) (b) 


When the formaldehyde concentration is at least 10 times the 
asparagine concentration, the kinetic equation which fits the 
reactioniskF = 1/tlog A/(A—B8). A is the original concentration 
of total asparagine. The unimolecular constant kF is propor- 
tional to the formaldehyde concentration, as shown in Table II. 
The fact that the rate is independent of pH or, in other words, 
of the ionic form of asparagine indicates that the rate of forma- 
tion of (6) is controlled by the rate at which formaldehyde com- 
bines with the amide group and not on the rate or extent of its 
reaction with the amino group. (6) is the compound which 
Schiff (14) isolated and which we think Cherbuliez and Stavritch 
have shown to be a pyrimidine. 

Final pH Values—The pyrimidine formed is an ampholyte with 
its basic imino group. The final pH values which are given in 
Fig. 3 show that it is in equilibrium with formaldehyde. The 
slope of 1 which the curve has indicates that the imino groups 
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NaOH (Asparagine) k’ 
Calculated from disappearance of amino N 

0.005 0.01 0.1 0.0033 0.033 
0 0.01 | O.1 0.0034 0.034 
0) 0.01 0.2 0.0057 0 .029 
0) 0.01 0.5 0.0132 0.026 
0 0.05 0.5 0.0155 0.031 
0.01 | 0.01 0.2 0) .0057 0.029 
pH 4.7, | 0.01 0.1 0.0033 0.033 
acetate | 0.01 0.2 | 0.0059 0.029 
| 0.01 0.5 | 0.0143 0.029 
pH 6.8, 0.01 0.1 0.0031 0.031 
phosphate | 0.0] 0.5 0.0143 0.028 

Calculated from pH-time curves 

0.005 | 0.01 0.0028 0 028 
0.005 | 0.01 0.5 | 0.013 0.026 
0.005 | 0.01 1.08 028 0.026 
0.005 | 0.01 2.16 | 0 60 0.028 
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Velocity Constants for Reaction of Asparagine with Formaldehyde at 30° 


*“kF and k’ values are calculated with logarithms to the base 10. 


react with 1 mole of formaldehyde, as do other imino groups. 
The falling off from a slope of 1 at the higher pH is due to the 
acceptance of H+ by the carboxyl group from the imino group, 
resulting finally in the formation of 


CH———NH(CH.0) 


| 
COOH 


This compound is the one which Schiff isolated and which lost a 
mole of formaldehyde on washing or drying. 

pH-Time Curves—Equation 4 and its accompanying equilibria 
may be considered for kinetic purposes as the transformation of 


J 
bs 
i 
pes 
| 
| 
~- 
| 
* 
=O , 
; 
H 
i 
| 
5 


i 

5 
ay 

2 
= 2 
ie 
> 


732 Amino and Imino Acids with Formol 


an acid at the initial pH and of strength corresponding to py, as 
read from Curve I to an acid at the final pH and of strength pG,, 
read from Curve II of Fig. 3. The integration of the differentia] 
equation derived on this basis leads to the equation 


kFt = pH — log (Gs, + H*) — log (Gy, — H*) — log 2(Gy, — Gy,) 


when the logs are to the base 10. The four values of kF and k 
calculated by the application of these data to the equation are 
shown in Table II. Their agreement with the constants caleu- 
lated from the amino N method indicates that the same reae- 
tion is followed by either method. Because of the small differ- 
ences between H* and Gy, at the beginning and between H+ 
and Gy;, at the end of the reaction the caleulated values of k 
are rather erratic except in the central steep part of the curves. 
It is only for this region that & has been averaged. 

Additional Experiments—Methylene asparagine was_ isolated 
according to Schiff’s (14) directions. The material was dissolved 
in water and titrated with acid and with alkali. The acid branch 
had a pK of about 2.2 and apparently was homogeneous. The 
alkaline branch, however, separated into two parts, one having 
about pK 6.0 and the other pK 8.8. The amount of alkali 
required to reach the break between the two was different accord- 
ing to the time which had elapsed between the preparation of the 
solution and the titration. It was evident that the material 
decomposed partially in solution, probably into asparagine and 
formaldehyde. This was confirmed by the amino N which was 
zero in the fresh solution and increased up to about 70 per cent 
of the theoretically available if all the compound has decom- 
posed, during the course of several days. Addition of a small 
concentration of excess formaldehyde stabilized the compound. 
Equation 4 is apparently reversible but slow in coming to equi- 
librium. 

The formation of reduced pyrimidine from propylenediamine 
and formaldehyde has been shown to be probable by Titherly and 
Branch (16). The reaction may be a general one for propylene- 
diamines, amides, ete. Cherbuliez and Stavritch (2) stated the 
possible significance of the reaction of asparagine with formal- 
dehyde for the mechanism of formation of pyrimidines 7n vivo. 
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Structure of the Product in Formol Titration 


In writing the products in the equilibrium equations set up 
previously, it was clearly recognized that equilibrium measure- 
ments could only serve to eliminate certain structural formula- 
tions; they could not establish one. It is evident from the fore- 
going that the reactions of asparagine with formaldehyde are not 
analogous to those of the other amino acids. For this and previ- 
ously mentioned reasons the methylene amino formulation loses 
its chief support. 

Tomiyama (17) has proposed that the diformal compounds 
result by association of the amino acids with a dimer of formal- 
dehyde, R--NH»—-CH:O0—CH:20. No differences between amino 
and imino acids would be expected on this basis, since the 2nd 
molecule of formaldehyde is attached to the Ist and not to the N. 

Since the number of formaldehyde groups which can be intro- 
duced corresponds to the number of H atoms attached to N, 
Balson and Lawson (1) have proposed the following formulations 
as methvlolamines 


Ry R. /CH,OH 


“NH + = 


and if R’ is H 


R.  _CHLOH 
+ CH,O = 
| 
H 


These authors postulated also the introduction of a 3rd molecule of 
formaldehyde with the formation of a ring. No evidence for the 
3rd molecule exists in our data. 

These structures are analogous to the accepted structure of 
acetaldehyde ammonia. They are supported by the formation 
of tertiary amines on reduction of secondary amines in the pres- 
ence of aldehydes (15) and the formation of methylated amino 
acids on heating amino acids and formaldehyde in formie acid (3). 
The proximity of the O atom to the N would be expected to 
reduce the affinity of the latter for H* as it does. 
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Another possibility is the formation of alkoxyamines. It has 
been shown that certain alkoxy derivatives of tertiary amines 
yield aldehydes on decomposition (Jones (7)). 


LOCH; 
=(R)=N + CHO 


“OH OH 


The reverse of this would be made to fit the stoichiometric be- 
havior. Reduction of this type of compound would be expected 
to yield the original amine and alcohol. 


SUMMARY 


1. Further equilibrium data of amino and imino acids with 
formaldehyde are presented. 

2. Amino acids may react with 1 or 2 molecules of formaldehyde, 
whereas imino acids can react with only 1. 

3. The reaction of asparagine with formaldehyde results in the 
formation of a pyrimidine derivative. The rate of this reaction 
has been measured. 

4. Structural formule for the products in the formol titration 
are discussed. 
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VITAMIN C IN VEGETABLES 


VI. A CRITICAL INVESTIGATION OF THE TILLMANS METHOD 
FOR THE DETERMINATION OF ASCORBIC ACID* 


By G. L. MACK anpb D. K. TRESSLER 


(From the Division of Chemistry, New York State Agricultural Experiment 
Station, Geneva) 


(Received for publication, December 16, 1936) 


During the past few years the Tillmans method for the deter- 
mination of ascorbic acid has been utilized in a large number of 
investigations. ‘The method is capable of great precision, but 
both the original (1) and modified forms (2, 3) may involve large 
constant errors. While King (4) has shown how interference 
from other reducing materials in plant tissues can be minimized, 
a volumetric oxidation method cannot be expected to be highly 
specific. The problem is further complicated because (a) as- 
corbic acid may be oxidized to dehydroascorbie acid which is 
physiologically active but does not react with the titration 
reagent, (b) while the oxidation of ascorbie acid is reversible, 
dehydroascorbic acid is unstable and undergoes a further irre- 
versible decomposition (5). Ascorbic acid exists in the tissues of 
freshly harvested vegetables only in the redudéed state (6), but 
oxidation and further decomposition may occur during the proc- 
ess of extraction. 


EXPERIMENTAL 


Procedure for Extracting Ascorbic Acid from Vegetable Tissues— 
If oxidation has been allowed to proceed during extraction, the 
total amount of ascorbic acid can be recovered for titration by 
immediately reducing the dehydroascorbic acid with hydrogen 


* Approved by the Director of the New York State Agricultural Experi- 
ment Station for publication as Journal Paper No. 175, December 8, 1936. 

Presented in part at the meeting of the American Association for the 
Advancement of Science at Rochester, June 18, 1936. 
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sulfide (1, 5). But the necessity of removing excess hydrogen 
sulfide is a serious objection to the use of this method for routine 
analysis (7). 

The analytical process would be much simpler if, instead of 
reversing the reaction, the oxidation were prevented throughout 
the determination. Ascorbic acid is not autoxidizable at pH 
values below 6.8 (8). Its instability has been ascribed to two 
catalysts, an oxidase present in practically all vegetables (9) and 
copper present as an impurity in the reagents (10, 11). The prob- 


TABLE I 


Relation between pH of Extraction Medium and Amount of Unoxridized Ascor- 
bie Acid Obtained from Vegetables 


String bean Pea Carrot 


Extraction medium 
pH of  <Ascor- pH of Ascor- pH of | Ascor- 
extract bic acid extract bic acid extract bic acid 


mg. per mg. per mg. per 


gin. gin. gm. 
6.2 | 0.00} 6.8 | 0.00! 6.3 | 0.00 
189% CH;COOH + 7.5% 4.3 | 0.05 
18% ‘ + 4% K:C,0,.....| 3.7 | 0.10 | | 
8% | | 3.4 | 0.17 
18% + 2% HPO, 21 10.15 
8% “ | 24/1026) 23. 0.02 
8% CCl,COOH + 2% HPO;......| 1.2 | 0.19} 1.3 | 0.26] 1.2 | 0.05 
5% H:SO, + 2% HPO;...........| 0.8 | 0.20/] 0.8 | 0.26! 0.8 | 0.05 


lem, then, is one of inactivating or inhibiting the two catalysts of 
the oxidation reaction. 

The catalytic action of copper may be inhibited satisfactorily 
by adding 2 per cent metaphosphoric acid to the extracting 
medium (10,11). The activity of the enzyme is a maximum at a 
pH value of approximately 5.5 and decreases rapidly as the hydro- 
gen lon concentration is increased. It occurred to us that if the 
organic acids used in the extraction were replaced by a strongly 
ionized acid, the pH of the resulting extract would be so low that 
the enzyme action might be completely inhibited. We investi- 
gated the possibility of using sulfuric acid for this purpose, and 
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compared it with various organic acids which had previously been 
used. Recently (12) hydrochloric acid has been recommended 
and should also prove to be quite satisfactory. 

Duplicate samples of a number of vegetables were ground with 
various extraction media by exactly the same technique. The 
extraction was found to be complete in all cases. In Table I it 
may be noted that as the acidity of the extract increases the 
amount of titratable ascorbie acid also increases to a maximum 


5| SPINACH 


WwW 


STRING 
BEAN 


_ ASCORBIC ACID MG. PER G. VEGETABLE 


2 3 4 5 6 7 
PH OF EXTRACT 


Fic. 1. Effect of pH upon the amounts of ascorbic acid found in vegetable 
extracts. 


value. Further examples of the influence of pH upon the amount 
of ascorbic acid obtained from different vegetables are shown in 
Fig. 1. 

The maximum amount of ascorbic acid is obtained when the 
enzyme system catalyzing the oxidation of ascorbic acid is com- 
pletely inhibited by strong acid. Consequently, the same maxi- 
mum value is obtained whether dehydroascorbie acid is reduced 
with hydrogen sulfide or stannous chloride (13) or whether the 
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oxidation is prevented by inhibiting the reaction with alcohol 
(6) or with strong acid or heat as shown in Table IT. 

Examination of Hydrogen Sulfide Treatment for Ascorbic Acid 
Extracts—-The proposed modification of the extraction procedure 
is not intended to eliminate the hydrogen sulfide treatment in 
exploratory work. Indeed, it will now be shown that the use of 
stronger acid increases the reliability of the results obtained 
after reduction with hydrogen sulfide. 

King (4) has postulated that hydrogen sulfide might reduce 
substances other than dehydroascorbic acid, which will then re- 


TABLE II 


Comparison of Effect of Heat and pH upon Activity of Oxidizing Enzymes in 
Parsnip Extract 


| | Ascorbic acid per gm. 
| | parsnip 
Extraction medium | | 
| Before After 
| | reduction reduction 
| | min | mg. mg. 
15% H.S8O,+ 2% HPO; | 0.2 | 0.11 
4% lactic acid | 2.7 | () | 0.08 0.12 
| 6.0 | 12 0.13 


‘6 | 6.0 | A) | 0.12 | 0 13 


act with the titration reagent. We have discovered an instance 
in which such interfering substances cause a serious error in the 
usual ascorbic acid determination. Freshly sliced carrots were 
cooked in boiling water for 15 to 17 minutes and drained. 25 
ec. portions of the cooking water were mixed with equal volumes 
of ice-cold 8 per cent acetic, 8 per cent trichloroacetic, and 10 
per cent sulfuric acids. All mixtures contained 2 per cent meta- 
phosphoric acid to inhibit catalytic oxidation by copper. Dupli- 
eate 25 cc. samples were titrated without further treatment. 
Other samples were saturated with hydrogen sulfide for 10 min- 
utes. One-half of these were corked and set aside for 20 hours 
before removing excess hydrogen sulfide. From the remaining 
samples excess hydrogen sulfide was removed as quickly as pos- 
sible with carbon dioxide. 
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The hydrogen sulfide treatment caused (a) no increase in the 
titration value of any of the sulfuric acid samples, (b) a small 
increase in the trichloroacetic acid sample treated 20 hours and 
in the acetic acid sample treated for 10 minutes, (c) a very great 
increase of over 80 per cent in the acetic acid sample saturated 
with H.S for 20 hours. To show whether the seeming increases 
in ascorbic acid were real or only apparent, the differential en- 
zymic method of Tauber, Kleiner, and Mishkind (14) was utilized. 


TABLE III 


Effect of Hydrogen Sulfide.Treatment upon Total Reducing Material in Cook- 
ing Water from Carrots Determined in Presence of Various Acids and 
Expressed As Ascorbic Acid 


Apparent ascorbic acid 
Time 
saturated Material titrated 4% tri- 
with H2S 5% 
acid 
min. mg. perl. | mg. perl. | mg. perl. 
0 Total reducing material 17 18 18 
10 Total reducing material 16 18 21 
Reducing material unoxidized by 0 0 + 
enzyme 
Ascorbic acid (by difference) 16 18 17 
40) Total reducing material 18 
Reducing material unoxidized by 0 4 
copper 
Ascorbic acid (by difference) 18 16 
1200 Total reducing material ie ae 33 
Reducing material unoxidized by y 5 17 
enzyme 
Ascorbic acid (by difference) 16 18 16 


The results given in Table III show definitely that the increased 
titration value of the cooking water from carrots after hydrogen 
sulfide treatment cannot be ascribed to reduced ascorbic acid. 
A similar differential method of analysis with copper as the oxi- 
dizing catalyst gave confirmatory results after a short period of 
saturation with hydrogen sulfide. This method could not be 
used when the hydrogen sulfide treatment was prolonged for 20 
hours. A sample containing reducing substances equivalent to 
32 mg. of ascorbic acid per liter of cooking water increased in 
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3 minutes after the addition of 50 parts per million of copper 
to about 60 mg. per liter, followed by a slow decrease to about 
40 mg. per liter. Obviously, such anomalous behavior could not 
be caused by ascorbic acid. ‘Treatment with mercuric acetate 
according to the improved procedure of van Eekelen and Km- 
merie (15) removed the interfering material from the acetic 
acid extract. 

An aqueous extract of Lima beans also was found to give an 
erroneously high titration value after prolonged treatment with 
hydrogen sulfide. 

In their original work on the hydrogen sulfide treatment, Till- 
mans, Hirsch, and Jackisch (1) state that the reduction was 
usually complete in a few minutes but that in certain cases a fur- 
ther slow reaction occurred, so that merely for the sake of uni- 
formity all samples were saturated with hydrogen sulfide for 24 
hours. Later workers (15, 16) adopted this procedure without 
question, but our results, in agreement with those of Bukin (12), 
indicate that the hydrogen sulfide treatment should only be 
applied to strongly acidified extracts and for a period of not more 
than 30 minutes. Cabbage and snap bean extracts treated with 
hydrogen sulfide for 10, 30, 120, and 1440 minutes showed no 
significant differences in the amount of ascorbie acid reduced. 

State of Ascorbic Acid in Plant Tissues —It has recently (16, 17) 
been argued that ascorbic acid oceurred in a bound or esterified 
condition in natural foodstuffs, and that it could be liberated by 
heat or acid. One of us (6) attempted to show by heating du- 
plicate samples of cabbage before and after extraction in an 
aqueous medium that the apparent increase in ascorbic acid is 
due to the inactivation of the enzyme. It was conclusively 
demonstrated that this hypothesis accounted for the greater 
part of the increase. However, when an aqueous cabbage or pea 
extract containing no unoxidized ascorbic acid is heated, a small 
but definite and reproducible amount of reducing material is 
formed. Further experiments now indicate that this material is 
not ascorbic acid. 

100 mg. of synthetic or natural crystallized ascorbic acid of 
tested purity were dissolved in 40 cc. of water, acidified with 10 
ec. of glacial acetic acid, completely oxidized with 5 gm. of 
activated charcoal, neutralized with calcium carbonate, and 


é 
i 
| | 
| 
| 
| 
| 
| 
; 
| 


L. Mack and ID. K. Tressler 741 


filtered. ‘The final filtrate contained about 2.5 mg. of dehydro- 
ascorbic acid per ce. and did not react with the dye. 2 ee. por- 
tions of this solution were mixed with 10 cc. of Sgrensen’s phos- 
phate buffer mixtures adjusted to pH 6 to 7. Heating these 
mixtures for 5 minutes in a boiling water bath produced a quan- 
tity of reducing material equivalent to 0.29 mg. of ascorbie acid. 
This is equal to 0.06 mg. of apparent ascorbic acid per mg. of 
dehydroascorbie acid and is comparable to the value of 0.04 mg. 
per gm. obtained from both cabbage and pea extracts. These 
reducing substances were not observed on heating acidified ex- 
tracts containing dehydroascorbie acid; hence they are probably 
identical to the physiologically inactive decomposition products 
of dehydroascorbie acid described by Borsook and coworkers (5). 


We wish to express our appreciation to H. Tauber for supplying 
the purified oxidase used in some of these experiments, and to 
Z. 1. Kertesz for many helpful suggestions during the progress of 
this work. We are also indebted to F. Fenton, R. B. Dearborn, 
and 8. L. Gould for portions of the experimental data. 


SUMMARY 


1. The extraction procedure in the Tillmans method for the 
determination of ascorbic acid has been modified to inelude 
the use of an acid which is ionized sufficiently to prevent enzymic 
oxidation of ascorbic acid. 

2. For routine analysis the practicability of preventing the 
oxidation of ascorbie acid throughout the determination is demon- 
strated. The consequent elimination of the hydrogen sulfide 
treatment greatly simplifies the analytical procedure. 

3. Substances other than dehydroascorbie acid were reduced 
by prolonged hydrogen sulfide treatment in weak acid solutions. 
The use of a strongly ionized acid prevented the interfering ma- 
terial from reacting with the titration reagent. 

4. ‘The apparent increase in ascorbic acid on heating an aqueous 
cabbage extract is caused by the decomposition of dehydro- 
ascorbic acid. 
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THE FORMATION OF METHEMOGLOBIN BY VARIOUS 
TISSUES 


By FREDERICK BERNHEIM anno HARRY O. MICHEL 


(From the Departments of Physiology and Pharmacology and Biochemistry, 
Duke University School of Medicine, Durham, North Carolina) 


(Received for publication, February 11, 1937) 


In a previous paper (1) it was suggested that the conversion of 
hemoglobin to methemoglobin by various tissues might be used 
as a test for the presence of hydrogen peroxide or other peroxides. 
By this method it was shown that the oxidation of the non- 
natural isomers of amino acids was accompanied by peroxide 
formation, whereas the oxidation of the natural isomers was not. 
It was therefore of interest to study further the production 
of methemoglobin by various tissues with and without the 
addition of specific substrates. The results show that different 
tissues vary greatly in their ability to produce methemoglobin 
from hemoglobin and that cyanide affects this production differ- 
ently. The reduction of methemoglobin anaerobically can also 
occur and it was thus possible to show that biological systems 
ean act reversibly upon hemoglobin and methemoglobin. 

There is comparatively little literature on the biological pro- 
duction of methemoglobin. Some time ago it was noticed (2) 
that bacteria grown on media containing blood produced methe- 
moglobin and this was attributed to hydrogen peroxide forma- 
tion. More recently Amberson and coworkers (3) found methe- 
moglobin in dogs whose blood contained hemoglobin in solution. 
Other papers on the subject are mostly concerned with the 
production of methemoglobin in the animal body by drugs such 
as aniline derivatives, nitrites, and methylene blue. 


EXPERIMENTAL 


Most of the experiments were carried out in the Barcroft-War- 
burg apparatus with rat tissues. Preliminary results showed that 
no methemoglobin was formed from added hemoglobin when 
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tissue slices were used. This was to be expected, as the diffusion 
of hemoglobin into the intact cell would, if it occurred at all, 
be very slow. The tissues therefore were minced, ground in a 
mortar with sand with 0.05 m phosphate buffer, and except in the 
case of muscle squeezed through muslin. The results obtained 
therefore represent the activity of the systems remaining in each 
tissue after this treatment. 

The hemoglobin used was prepared from human blood. The 
cells were centrifuged and washed, laked with toluene, centri- 
fuged again, and dialyzed against running water in the ice box 
until no trace of toluene remained. The methemoglobin was 
prepared from this solution by oxidation with ferricyanide or 
chlorate and dialyzed to get rid of any excess of these reagents. 
Varying amounts of hemoglobin or methemoglobin were added 
to the tissue in the Warburg vessels and the whole volume made 
up to 2.0 ec. with buffer at the desired pH. At the end of the 
experiment the contents of the vessels were transferred to cen- 
trifuge tubes, 1.5 ec. of saturated ammonium sulfate solution 
added, and the mixture centrifuged for a short time. This re- 
sulted in a clear solution, so that the hemoglobin or methemo- 
globin could be accurately determined spectrophotometrically. 
Control experiments showed that this amount of ammonium 
sulfate did not affect the hemoglobin-methemoglobin ratio. 

The methemoglobin was determined by a method which is a 
modification of the spectrophotometric method suggested by 
Hiifner (4). This is carried out by measuring the light transmis- 
sion of the solution containing alkaline methemoglobin and oxy- 
hemoglobin at two convenient wave-lengths, usually 540 mu 
and 560 my. Austin and Drabkin (5) have pointed out that if 
readings were taken at 560 and 575 mu a more accurate determina- 
tion of the methemoglobin could be made, since the relative 
change in transmission with change in composition is greater at 
these two wave-lengths than it is at 540 and 560 mu. <A disad- 
vantage of these methods is the fact that the light transmission 
of methemoglobin varies with the pH and ionic strength. 

We have modified this method by first converting all of the 
methemoglobin to cyanmethemoglobin and then measuring the 
light transmission at 560 and 575 mu. Using the ratio of the 
extinction coefficients at 575 to 560 mu, the percentage of methe- 
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moglobin can be read directly from a curve, which was calculated 
from the extinction coefficients for pure cyanmethemoglobin and 
pure oxyhemoglobin. The extinction coefficient values used were 
those given by Austin and Drabkin. 

The light transmission of both cyanmethemoglobin and oxy- 
hemoglobin is little affected over the pH range from 6 to 9 and 
is insensitive to fairly large changes in ionic strength, thus pos- 
sessing an advantage over previously suggested spectrophoto- 
metric methods. A further advantage lies in the large change in 
the ratio of the extinction coefficients with change in composition 
of the solution. For pure oxyhemoglobin the ratio is 1.73 and 
for pure cyanmethemoglobin it is 0.76. The disadvantage of 
measuring the extinction coefficient of cyanmethemoglobin at 
560 and 575 mu, where the transmission is changing most rapidly 
with wave-length, was found by actual experiment to be slight. 

Hemoglobin alone shaken in air at 37° forms a certain amount 
of methemoglobin and this is increased somewhat by the presence 
of cyanide. It was therefore necessary to run a control for each 
experiment and subtract the amount of methemoglobin formed 
from hemoglobin alone from that formed from hemoglobin with 
the tissue. The tissues themselves always contained a small 
amount of hemoglobin, even though the rats were killed by de- 
capitation and as much blood as possible squeezed out. The 
amount in them was small, however, compared with the amount 
of hemoglobin added and the error was thus negligible. This was 
also true of the heart which contains bound hemoglobin which is 
readily oxidized to methemoglobin when it is in solution. 

The methemoglobin formed when hemoglobin and a tissue 
are shaken together in air might be produced by several mecha- 
nisms. First, the presence of colloidal material might catalyze 
the oxidation. In order to test this possibility the tissue was 
boiled. It was found that under these conditions somewhat less 
methemoglobin was formed in the presence than in the absence 
of the tissue. The probable reason for this is that the boiled 
protein contained reducing substances such as sulfhydryl groups 
which either prevented the methemoglobin from being pro- 
duced as rapidly as in the control or reduced it once it had been 
formed. Secondly, it was possible that traces of copper present 
in the tissues might catalyze the oxidation of hemoglobin, for 
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copper salts are known to have this property. The experiment 
with boiled tissue indicates that traces of copper if present have 
little effect. In order to prove this, however, pyrophosphate in 
excess was added to unboiled tissue and found to have no effect 
on the amount of methemoglobin formed. Thirdly, it was pos- 
sible that tissues contain some thermolabile catalyst capable of 
oxidizing hemoglobin to methemoglobin. In order to test this 
the following experiment was carried out. The tissue suspension 
was divided into two equal parts. One part was dialyzed for 
24 hours in the ice box; the other placed in a beaker at the same 


TABLE 
Methemoglobin Formation by Various Tissues under Different Conditions 
The average length of the experiments was 2 hours at 37°. The dialyzed 
and non-dialyzed tissues were made up to the same volume. Pyrophos- 
phate inhibits the O, uptake and this accounts for the somewhat lower 
values obtained. 


Methemoglobin 


0.4 
0.01 Mm KCN pyrophosphate 
ma mg mg. 
Boiled kidney —2.5 —3.3 
Kidney 24 hrs. old 5.7 8.4 
Dialyzed kidney 24 hrs. old 2.8 2.4 
Liver 24 hrs. old 7.6 *e 
Dialyzed liver 24 hrs. old 0.7 1.0 
Kidney 5.9 4.2 
Heart 5.0 5.0 
Liver 4 6 


temperature. At the end of this time the volume of the dialyzed 
part was measured and the undialyzed part was then made up 
to the same volume before being placed in the vessels with the 
hemoglobin. The two parts thus contained the same amounts of 
non-dialyzable material. The results showed that much _ less 
methemoglobin was formed by the dialyzed portion. The results 
of these experiments are shown in Table I. Taken together they 
show that the amount of methemoglobin formed by a tissue is a 
function of the amount of substrate being oxidized by the tissue; 
In other words a function of its metabolism. 
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Granting this conclusion, it seemed probable that the methe- 
moglobin production was the result of peroxides formed as by- 
products of the oxidation of certain substrates. From the poten- a. 
tials of the hemoglobin-methemoglobin system and the tissue | 
suspensions it was very unlikely that any direct oxidation could a 
take place. In order to test how quantitative the reaction be- 
tween hemoglobin and peroxide was the following experiment 


50 
40 
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Fig. 1. Oxygen evolution, in e.mm., when H.O. and hemoglobin are 
mixed in the presence of 0.01 M KCN at pH 6.7 at 37°. The horizontal 
line represents the amount that should have been evolved calculated from 
the amount of methemoglobin formed. A similar curve is obtained at 
pH 7.9. 


| was done. A known amount of hemoglobin was placed in a 
Warburg vessel and a known amount of hydrogen peroxide in the 
side arm. Cyanide was then added to inhibit any catalase ac- 
tivity. ‘The peroxide and hemoglobin were then mixed and the 
oxygen evolution measured. At the end of the experiment the 
| amount of methemoglobin formed was determined. As shown 
in Fig. 1, most of the reaction occurs rapidly and 90 per cent 
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of the theoretical oxygen is given off. It is unaffected by a pH 
change from 6.7 to 7.9 and by the amount of cyanide present. 
Because of this oxygen evolution, when methemoglobin is formed 
from hemoglobin, it was necessary to add to the apparent oxygen 
uptake of tissue and hemoglobin 1.34 e.mm. of oxygen for every 
mg. of methemoglobin formed. The presence of hemoglobin or 
methemoglobin accelerates the oxygen uptake of the tissues to 
a very small extent. Whether this is due to the pigment or to 
traces of substances accompanying it has not been determined. 

Table II gives average values taken in each case from at least 
ten individual determinations, showing the amount of methe- 
moglobin formed by various tissues. The kidney is most active 


TABLE II 


Methemoglobin Formation by Various Tissues at pH 6.7 and pH 7.9 in 
Presence and Absence of 0.01 Mm KCN 
The average length of the experiments was 2 hours at a temperature of 
37°. The figures are average values which are expressed in mg. of methe- 
moglobin per 100 ¢.mm. of O, uptake. 


pH 6.7 | pH 7.9 

No KCN | KCN | svO KCN | KCN 

| | | 


in this respect, followed by the heart, liver, brain, and muscle in 
the order named, the difference between the last two being small. 
Particularly striking, however, are the differences between kidney 
and liver and between heart and skeletal muscle. The peroxide- 
forming ability of these tissues must therefore vary considerably, 
although stoichiometrically 1.0 mg. of methemoglobin represents 
only about 0.001 mg. of a peroxide of low molecular weight. In 
order to decide what sort of peroxide was responsible for the 
methemoglobin formation experiments were done with cyanide. 
If hydrogen peroxide were formed, then the cyanide in inhibiting 
catalase and peroxidase ought to increase the yield of methemo- 
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globin. This actually occurs, as will be shown below, when 
specific substrates known to produce hydrogen peroxide are added 
to the tissue. The final concentration of the cyanide was 0.01 Mm, 
which was sufficient to cause an inhibition of the tissue respiration 
throughout the experiment despite the fact that as methemo- 
globin was formed cyanide was used to form cyanmethemoglobin. 
Thus there was 10 times more cyanide present than was neces- 
sary to combine with the maximum amount of methemoglobin 
formed. Cyanide never produced complete inhibition. It was 
thus possible to calculate the methemoglobin formed per 100 
c.mm. of oxygen uptake. The results are shown in Table II. 
With the kidney the addition of cyanide definitely increases the 
methemoglobin formation per 100 c.mm. of oxygen uptake and 
may increase it absolutely. With muscle and brain the absolute 
amount of methemoglobin formed in the presence of cyanide is 
somewhat less than in its absence, but per 100 c.mm. of oxygen 
uptake the amount formed is always greater with cyanide. But 
with liver and heart cyanide definitely inhibits methemoglobin 
formation. ‘These differences do not seem to be correlated with 
the percentage inhibition of oxygen uptake caused by the cyanide 
on the different tissues. Thus the average inhibitions for the two 
hydrogen ion concentrations given in Table II were kidney 32 
per cent, brain 47 per cent, muscle 51 per cent, heart 52 per cent, 
and liver 47 per cent. Although in the two tissues in which 
cyanide inhibits methemoglobin formation the inhibition of oxy- 
gen uptake is largest, the differences in the cyanide sensitivity 
are not large enough to account for the differences in methemo- 
globin formation. Changing the relative concentrations of 
cyanide, hemoglobin, and tissue did not alter these effects. 
Therefore the peroxide-forming mechanisms in liver and heart 
must be considered ecyanide-sensitive and thus different from 
those in the kidney, brain, and muscle. | 

Changing the concentration of the tissue and keeping the hemo- 
globin and cyanide constant alter the amounts of methemoglobin 
produced and this is proportional within limits to the amount of 
tissue present and the oxygen uptake. It was possible, however, 
that methemoglobin was being reduced aerobically by substances 
in the tissue and that the amount formed at the end was the alge- 
braie sum of the oxidizing and reducing power of the tissue. To 
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test this point methemoglobin was added to tissues and shaken 
in the Warburg vessels, but it was found that no reduction had 
taken place with or without cyanide, except in the case of liver 
which showed in certain experiments a slight reduction in the 
presence of cyanide. It is possible to assume therefore that the 
methemoglobin once formed remains as such until the end of 
the experiment. 

The effect of pH on the methemoglobin production can be seen 
in Table II. In general more is produced per 100 ¢.mm. of oxy- 
gen uptake at pH 6.7 than at pH 7.9. The rate of oxygen uptake 


TABLE III 


Methemoglobin Formation in Kidney and Liver in Relation to Oxygen 
Uptake. pH 6.7 at 37° 


| | | 0.01 am KCN 
Tissue Time | | formation Oo MetHb 
| ptake uptake formation |) c.mm. 
| uptake 
min. c.mm., | mg. mg. c.mm, mg. mg. 
Kidney 30 4. Pe 2.1 22 2.1 9.5 
60 5.2 29 4.5 | 15.5 
120 141 | 8.2 5.8 42 6.2 14.8 
180 us 5.3 a | 74 17.2 
14 31 | —2.1 0.0 
4.0 | —2.7 0.0 
| 195 | 189 | 11.0 5.8 | 74 | —4.0 0.0 


is generally somewhat greater at the lower than at the higher 
pH and these two facts may be correlated. It is also true that 
sulfhydryl groups whether attached to proteins or not are more 
oxidizable in alkaline solutions and it seems probable that some 
of the peroxide formed under these conditions may be used in 
oxidizing these groups; in other words, another factor is intro- 
duced to compete with the hemoglobin for the peroxide. 

‘Table III shows the production of methemoglobin with time 
by kidney and liver. Warburg vessels were set up with the tissue 
alone and with 0.01 mM cyanide and at intervals a pair was re- 
moved and the methemoglobin production determined. In this 
way the methemoglobin and oxygen uptake could be correlated. 
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Except in the first 30 minutes, when the production of methe- 
moglobin lags, the amount produced per 100 ¢.mm. of oxygen 
uptake remains fairly constant for the rest of the experiment. 
This is further evidence that methemoglobin production is a 
function of the oxidative metabolism. In this experiment the 
liver in the presence of cyanide produced less methemoglobin 
than the blood and cyanide alone. This inhibition of methemo- 
globin formation is comparatively small and it is not possible to 
account for the cyanide effect with this tissue on the assump- 
tion that methemoglobin production 1s completely inhibited or 
that it is being reduced as rapidly as it is formed. 

In order to test the effect of added substrates on the methemo- 
globin formation tyramine and l-alanine were chosen, for both 
. have been shown (6, 7) by different methods to produce hydrogen 
peroxide during oxidation. The catalysts responsible for the 
oxidation of these substances are cyanide-insensitive, so it was 
possible to use cyanide in the attempt to get theoretical yields 
of methemoglobin on the assumption that hydrogen peroxide is 
quantitatively produced during the oxidation. Preliminary 
experiments showed that when these substances were oxidized, 
more methemoglobin was produced than in the control and 
that cyanide greatly increases the difference. Thus in one experi- 
ment with kidney without cyanide when 0.1 mg. of --alanine was 
oxidized, 0.7 mg. more methemoglobin was produced than in the 
control. In another experiment without cyanide with dialyzed 
liver 2.8 mg. more methemoglobin were formed when 0.2 mg. of 
tyramine was being oxidized than in the control. These experi- 
ments are important because they show that the hemoglobin can 
compete with catalase and other substances and explain why 
methemoglobin can be formed in tissues by hydrogen peroxide 
in the absence of eyanide. Hydrogen peroxide added in excess 
to tissue and hemoglobin will also produce methemoglobin in the 
absence of cyanide. 

For quantitative results, however, cyanide must be used. 0.1 
mg. of l-alanine oxidized by kidney in the presence of 0.01 M 
eyanide produced 28 mg. more methemoglobin than the control. 
This corresponds to 0.028 mg. of hydrogen peroxide. Theo- 
retically this amount of alanine should produce 0.038 mg. The 
vield was thus 74 per cent. In this experiment the minimum 
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amount of kidney was used. In the presence of more kidney the 
yield is cut down and may under certain conditions be as low as 
40 per cent. In the case of 0.2 mg. of tyramine oxidized by liver 
in the presence of 0.01 mM cyanide 20.5 mg. more methemoglobin 
was formed than in the control. This corresponds to 0.021 mg. 
of hydrogen peroxide. The theoretical amount of hydrogen 
peroxide was 0.049 mg., giving a yield of 43 per cent. These 
yields indicate that in the absence of cyanide the methemoglobin 
production represents only about 10 per cent of the peroxide 
formed by tissues and in the presence of cyanide only about 50 
per cent. An attempt was made to see whether it was possible 
to detect peroxide formation when succinic acid was oxidized, 


TaBLe IV 
Anaerobic Reduction of Methemoglobin 
Dialvzed liver was used at pH 7.5. The methemoglobin was esti- 
mated after 2 hours at 37°. The molar concentration of the methemo- 
globin corresponded to that of a 1:5000 methvlene blue solution. 


| | hol MetHb | Hb | “— 
Succinate Choline | Met | 
Buffer | Liver (2 mg.) (2 mg.) (8.3 mg.) formed Reduction methylene 
i | blue 
ce. ce. ce. cc. | cc. | mg. | per cent | min. 
1.9 1.0 | 0.0 ( 


because the succinoxidase unlike the tyramine and /-alanine oxi- 
dases is cyanide-sensitive. Although the conditions were varied 
in every possible way, no extra methemoglobin was formed when 
succinic acid was oxidized. If peroxide is formed by this system, 
it cannot be detected by the hemoglobin method. 
Anaerobically all the tissues tried reduce methemoglobin, al- 
though the reduction is considerably slower than that of 
methylene blue of the same molar concentration. The methemo- 
globin was made up so that its molarity was the same as a 1:5000 
solution of methylene blue. The usual Thunberg technique was 
used. ‘Two specific substrates were added, succinic acid and 
choline, and the rates of reduction of methylene blue and methe- 
moglobin were compared. <A typical experiment is shown in 
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Table IV. Inasmuch as the potentials of the methylene blue and 
the methemoglobin are almost the same, the difference in reduc- 
tion rate must be due to differences in availability of these sub- 
stances to the enzyme surface. 


DISCUSSION 


It is shown from the above experiments that the methemoglo- 
bin formation is a function of the oxidative activity of the tissue. 
In any one tissue the methemoglobin increases with the oxygen 
uptake but the ability of different tissues to produce methemo- 
globin under the experimental conditions varies greatly. If, 
as it seems probable, peroxide formed as a by-product to various 
oxidations is the cause of the methemoglobin production, then 
there should be some correlation between cyanide sensitivity and 
methemoglobin formation, because it is only in the cyanide- 
insensitive systems that peroxide formation has been definitely 
proved. Such a correlation does not hold and, moreover, the 
fact that methemoglobin production is suppressed in heart and 
liver by cyanide makes the interpretation of these results diffi- 
cult. It is possible that cyanide-sensitive systems also produce 
peroxide but the evidence thus far obtained by the hemoglobin 
method is against this, for succinoxidase, d-alanine oxidase, and 
choline oxidase, which are all cyanide-sensitive, show no methe- 
moglobin production. The possible formation of peroxides other 
than hydrogen peroxide as suggested by Keilin and Hartree (8) 
may account for the methemoglobin production in the absence 
of cyanide if such peroxides are not attacked by catalase but 
does not account for the cyanide effect in heart and liver. 

The presence of hemoglobin or methemoglobin has only a very 
slight effect on the oxygen uptake of the tissue, so the pigment is 
not directly involved as a catalyst in the oxidation nor does the 
presence of the pigment affect the cyanide sensitivity of the tissue. 
On the other hand, methylene blue added to tissues under the 
same conditions greatly increases the oxygen uptake. It seemed 
possible that peroxide formed by the residual oxygen uptake 
would accumulate in the presence of cyanide because of the inac- 
tivation of the catalase and add its toxic effect to that of the 
cyanide. The presence of the hemoglobin would remove the 
peroxide and thus diminish the apparent cyanide sensitivity. 
This, however, was not the case. 
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It was possible that, as methemoglobin was formed during the 
oxidation, it would combine with peroxide to form a complex, 
as shown by Keilin and Hartree (8). This complex is very un- 
stable and breaks down with the destruction of some of {the 
methemoglobin. If this happened, there should be a progressive 
loss of this pigment as the oxidation proceeded. But as the 
methemoglobin production parallels the oxygen uptake, such 
complexes if formed play no significant part. Finally, phosphate, 
which affects cyanide sensitivity according to Alt (9), was used 
throughout these experiments but always in the same concentra- 
tion, so that this factor cannot account for the observed differ- 
ences in the methemoglobin production by various tissues. 


SUMMARY 


1. The production of methemoglobin from hemoglobin by a 
tissue suspension is a function of the oxygen uptake. Traces of 
copper, if present, or inactive colloidal material play no part in 
this reaction. 

2. Per 100 e.mm. of oxygen uptake the kidney produces most 
methemoglobin, followed by heart, liver, brain, and muscle in 
this order. 

3. Cyanide increases the amount of methemoglobin formed per 
100 e.mm. of oxygen uptake in kidney, brain, and muscle but 
decreases it in liver and heart. 

4. Tyramine and /-alanine, which are known to produce hydro- 
gen peroxide when oxidized, increase the methemoglobin produc- 
tion and give fair yields on the assumption that hydrogen peroxide 
is quantitatively formed during the oxidation. Suecinic acid, 
d-alanine, and choline produce no extra methemoglobin. 

5. Methemoglobin is reduced anaerobically but not aerobically. 
Addition of suecimic acid or choline increases the amount of 
reduction, but the rates are much slower than when an equivalent 
quantity of methylene blue is reduced. 
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THE EFFECT OF METAPHOSPHORIC ACID AND SOME 
OTHER INORGANIC ACIDS ON THE CATALYTIC 
OXIDATION OF ASCORBIC ACID* 


By CARL M. LYMAN, M. O. SCHULTZE, ann C. G. KING 
(From the Department of Chemistry, University of Pittsburgh, Pittsburgh) 


(Received for publication, February 10, 1937) 


The instability of ascorbic acid in weakly acid solutions has 
recently been shown to be due to the copper content of the solu- 
tions (1). By strict elimination of copper, solutions of ascorbic 
acid are stable below pH 7.6. ‘The preparation of copper-free 
reagents, however, is not very practical and in analytical pro- 
cedures would not eliminate copper contamination from the 
materials analyzed. The use of metaphosphoric acid for the ex- 
traction and titration of ascorbic acid has resulted in the stabiliza- 
tion of ascorbic acid solutions so treated (2-4). Recently diethyl- 
dithiocarbamate (5), 8-hydroxyquinoline, glutathione (6), and 
other compounds forming copper complexes (7) have been used 
for the stabilization of ascorbic acid solutions. 

The work reported here was undertaken primarily to investi- 
gate a possible quantitative relationship of ascorbic acid, copper, 
and the amount of metaphosphoric acid necessary to inhibit 
atmospheric oxidation. A few related observations are also 
reported. 


EXPERIMENTAL 


All experiments were carried out in a Warburg respirometer at 
37.5°. The water used for making solutions and rinsing apparatus 
was distilled twice in Pyrex all-glass stills. The solutions of 
ascorbic acid were made from crystalline ascorbic acid and their 


* Contribution No. 336 from the Department of Chemistry, University 
of Pittsburgh. 

The authors are indebted to the Buhl Foundation for a research grant 
which has made this investigation possible. 
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Fic. 1. Effect of the ratio HPO;:Cu on the oxygen uptake of ascorbic 
acid. The acidity of the solutions was the same in all cases, 4 * 107° 
mole of HPO;; pH 2.16; ascorbic acid 8 & 10°* mole; amount of copper 
(varied) 1 to 10 K 10~* mole, depending upon the ratio HPO;:Cu, as indi- 
cated on each line. 
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Fic. 2. Effect of the ratio H.SO,:Cu on the oxygen uptake of ascorbic 
acid. The acidity was the same in all cases, 2 X 10-5 mole of H,SO,; 
pH 2.18; ascorbic acid 8 X 10~* mole; amount of copper (varied) 1 & 1077 
to 1 X 10~° mole, depending upon the ratio of replaceable hydrogen of 
H,SO,: Cu, as indicated on each line. 
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strength was checked at the start of the experiments by iodine 
titration. ‘The solutions of metaphosphoric acid were prepared 
immediately before each experiment by dilutions from a known 
weight of metaphosphoric acid, their strength being adjusted, 
however, by titration with standard NaOH with methyl red as 
indicator. Depending upon the purpose of the experiment, 
} 
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Fic. 3. The effect of different ratios of ascorbic acid to HPO; on the 
rate of oxidation of ascorbic acid in the presence of copper. In each case 
the concentration of HPO; was 4 * 107° mole, that of Cu 1 &K 10~* mole. 
The concentration of ascorbic acid varied from 2 * 107* mole to 1 & 107° 
mole and the acidity of the solutions from pH 3.00 to 3.10. The broken 
line passes through the time of half oxidation. The ratio of ascorbic acid 

to HPO, is indicated on each line. 


either the copper (CuSO,) or the ascorbic acid was added from 
the side arm to the contents of the respirometer flasks after equi- 
libration and closing the taps. 

Typical results obtained -with metaphosphoriec acid are illus- 
trated in Fig. 1. When they are compared with the results in 
Fig. 2, it is evident that the inhibitory action of metaphosphoric 
acid depends upon a lowering of the pH of the solution and, in 
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addition, a depression of the copper ion concentration. The rate 
of oxidation in the presence of metaphosphoric acid depends, as 
in the presence of sulfuric acid, on the amount of copper present. 
More copper is required, however, to obtain a given rate of 
oxidation in a metaphosphoric acid solution than in a sulfurie 
acid solution. There is no definite stoichiometic relation between 
the molar quantities of metaphosphoric acid and of copper at 
which copper catalysis is completely inhibited and which might 
point to the formation of a completely undissociated copper com- 
plex. In this respect the action of metaphosphoric acid is differ- 
ent from that of some of the organic compounds that have been 
used to inhibit the copper-catalyzed oxidation of ascorbic acid 
(6-7). The results illustrated in Fig. 1 were obtained with a 
sample of purified metaphosphoric acid (titrating 95 per cent 
HPO;) at pH 2.16.'. At other pH values (below pH 3.5) and with 
Mallinckrodt’s c.p. HPO; (titrating 40 per cent HPQO;), similar 
results were observed; 7.e. in all cases the extent to which copper 
catalysis was inhibited depended upon the molar ratio HPO3:Cu. 

Fig. 3 illustrates the fact that the molar ratio, ascorbic acid to 
HPOs, has no effect on the rate of oxidation of ascorbic acid in 
the presence of copper. This indicates that the inhibiting effect 
of metaphosphate is due to its action on copper and not on the 
ascorbic acid. 

In enzymatic studies involving ascorbic acid, in which buffered 
solutions must be used, the oxidation of ascorbic acid due to cop- 
per contamination of the buffers is of considerable importance. 
We investigated, therefore, the possibility of using neutralized 
metaphosphoric acid in the buffers in an attempt to stabilize 
ascorbie acid. The acid was readily oxidized in such solutions 
even when the molar ratios were as high as 1000: 1. 
In buffer solutions metaphosphate is therefore of no value in 
stabilizing ascorbic acid. 

The oxidation of ascorbic acid to dehydroascorbic acid involves 
two adjacent hydroxyl groups. Since Boeseken’s work on the 
increased conductivity of boric acid in the presence of czs glycols 
suggests the formation of a complex between the acid and the 
glycol, it was considered possible that boric acid would inhibit 


1We are indebted to Dr. E. P. Partridge of the Hall Laboratories, 
Pittsburgh, for this sample of metaphosphorie acid. 
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the copper-catalyzed oxidation of ascorbic acid. Experiments 
failed to substantiate this to a significant degree. Although the 


oxidation of ascorbic acid in boric acid solutions and in borate — 


buffers was very slow, addition of small amounts of copper to such 
solutions resulted in rapid oxidation. 

Since metaphosphoric acid has such a marked inhibitory effect 
on the copper-catalyzed oxidation of ascorbic acid, a few compara- 
tive observations were made with other inorganic acids. In these 


pH 


kia. 4. A comparison of the oxygen uptake by ascorbic acid in the pres- 
ence of copper in different acids. In all cases the concentration of ascorbic 
acid was 2 X 10°* mole; that of copper (CuSQ,) 2.5 K 1077 mole. 


experiments the concentrations of ascorbie acid (2 & 10-* mole) 
and of added copper (2.5 X 107-7 mole) were maintained constant 
while the pH of the solutions was varied. Fig. 4 illustrates the 
results with HPO, (c.p. sticks), HeSOQ,, H3;PO,, and HCl. c.p. 
H;PO, gave erratic results until it was purified by precipitation 
with Ba(OH)s, washing with glass-distilled water, and decomposi- 
tion of the barium phosphate with H»SO, (avoid an excess). 
HCI was prepared from c.p. NaCl and H.SOQ,; HBr was made from 
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bromine and phosphorus in an atmosphere of COs. In all cases 
the acids were dissolved in glass-distilled water and precautions 
were taken to minimize copper contamination. ‘The results of 
these experiments again illustrate the protective action of meta- 
phosphoric acid. In orthophosphoriec and sulfuric acid solutions 
the rate of oxidation of ascorbic acid is strictly a function of the 
hydrogen ion concentration and is apparently not affected by the 
anion, since the curves obtained with the two acids are identical. 
In a medium of halogen acid, however, ascorbic acid is oxidized 
at an appreciable rate, even in very acid solutions. As the 
acidity increases a point of minimal oxidation is reached (about 
pH 1) beyond which oxidation again becomes more rapid. Simi- 
lar results were obtained with HBr. Evidently it is not advisable 
to use HC] for extraction and titration purposes, as suggested by 
Bukin (8). It must be emphasized that the curves illustrated in 
Fig. 4 hold only for solutions having the copper concentrations 
used in these experiments. ‘They illustrate, however, the rela- 
tive effectiveness of the various acids in suppressing the copper- 
catalyzed oxidation of ascorbic acid. 

Recent work by Borsook and associates (9) indicates that below 
pH 4.5 oxidation of ascorbic acid proceeds only to the reversible 
oxidation product, while at higher pH values non-oxidative and 
oxidative irreversible changes take place. The oxidation of 
ascorbic acid at pH 4.5 should therefore require 1 atom of oxygen 
per mole of ascorbic acid. In our experiments we observed a 
considerably higher oxygen consumption. Barron et al. (1) have 
postulated that H.O. is formed during copper-catalyzed oxidation 
of ascorbic acid and that the peroxide formed is decomposed as 
rapidly as it is formed. Incomplete decomposition of H,.Os, 
however, could explain the high oxygen consumption that we 
observed. Qualitative tests (10) readily indicated the presence 
of H.O.. Attempts to estimate H.O, quantitatively by iodometric 
titrations (11, 12) failed to give consistent results, because the 
copper contained in the ascorbic acid solutions greatly accelerated 
the liberation of iodine from KI and thus made the titrations 
uncertain. The oxygen uptake beyond that calculated for the 
reaction, ascorbic acid ‘°) dehydroascorbie acid, was not due to 
further oxidation of dehydroascorbic acid to an irreversible oxida- 
tion product, because treatment of the oxidized solutions with 
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H.S gave complete recovery of the ascorbic acid. Hence the ex- 
cess oxygen uptake observed in experiments carried out below 
pH 4.5 is undoubtedly due to formation of H2Ox>. 

Molybdie acid has been used by Stern (11) to speed up the 
decomposition of H,O.. Attempts to use this as a means of ar- 
riving at the theoretical oxygen uptake failed, however, because 
solutions of ascorbic acid containing molybdic acid turn blue, 
owing to reduction of the latter by ascorbic acid. 

In buffered solutions of pH 4.5 the oxidation of ascorbic acid 
in the presence of copper proceeds rapidly until an oxygen uptake 
somewhat higher than that calculated for the reaction ascorbic 
acid ‘°) dehydroascorbic acid is reached. Then oxidation con- 
tinues at a much slower rate. During this second stage of the 
oxidation, evolution of CO, can be demonstrated in parallel experi- 
ments with and without provision for the absorption of COs. 
It is particularly marked in Mellvaine’s citrate-phosphate and in 
Sgrensen’s phosphate buffers, while in phthalate-NaOH buffers 
(13) it is only slightly noticeable. These observations indicate 
that copper catalysis accelerates not only the reversible oxidation 
of ascorbic acid but also further oxidation of dehydroascorbic 
acid. This emphasizes the necessity of using inhibitors of copper 
catalysis when ascorbie acid is used in experiments involving 
buffer solutions. 


SUMMARY 


1. Metaphosphoric acid inhibits the copper-catalyzed oxidation 
of ascorbic acid by decreasing the amount of copper effective in 
the catalysis, in addition to the effect that is due to the pH of 
the solution. 

2. The rate of oxidation of ascorbic acid in solutions of meta- 
phosphorie acid depends primarily upon the ratio HPO;:Cu, 
rather than the ratio of HPO; to ascorbic acid. 

3. In buffered solutions near pH 7 metaphosphate does not 
appreciably inhibit the oxidation of ascorbie acid. 

4. In acid solutions containing the same amount of copper, 
the rate of oxidation of ascorbic acid depends entirely upon the 
hydrogen ion concentration in the case of sulfuric and ortho- 
phosphoric acids, while in hydrochloric and hydrobromic acids it 
is also affected by the anion (accelerated). 
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5. Atmospheric oxidation of ascorbic acid in the presence of | 
copper leads to the formation of hydrogen peroxide and, in solu- 
tions of pH > 4.5, to the evolution of CQO.. 
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BIOCATALYTIC ACTIVATORS SPECIFIC FOR THE YEAST 
FERMENTATION OF MALTOSE* 


By M. J. BLISH anv R. M. SANDSTEDT 


(From the Department of Agricultural Chemistry, Nebraska Agricultural 
Experiment Station, Lincoln) 


(Received for publication, February 20, 1937) 


It has long been the generally prevailing belief that maltose is 
fermentable by yeast only after hydrolytic conversion to glucose 
by the enzyme maltase present either in the yeast or in the sub- 
strate, or both. This view-point has, however, been challenged by 
certain workers, including Willstatter and Stiebelt (1), Willstatter 
and Bamann (2), and Sobotka and Holzman (3), whose observa- 
tions indicate that preliminary hydrolysis to glucose is not neces- 
sarily an essential requirement in maltose fermentation. 

Yeasts show a wide range of maltase activity, and maltase is 
considered to be extremely unstable. Harding and Nicholson (4) 
reported that bakers’ yeast loses its maltase activity almost 
completely after standing a few days at room temperature. Sand- 
stedt and Blish (5) found bakers’ compressed yeast frequently 
deficient in its ability to ferment pure maltose, and that this 
ability decreased with age and with elevation of storage tempera- 
ture. They also found, however, that the lack or the loss of the 
yeasts power to ferment pure maltose, alone, did not significantly 
impair its ability to ferment maltose as produced by diastasis in 
wheat flour paste or dough. 

Using a special manometric technique, Sandstedt and Blish (5) 
showed repeatedly that in a diastatically active flour-water paste 
containing 3 to 5 per cent of yeast the rate of gas production was 
the same for 15 to 20 day-old samples of yeast as for a fresh 
sample. 


* Published with the approval of the Director as Paper No. 197, Journal 
Series, Nebraska Agricultural Experiment Station, Lincoln, 
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The deficiency frequently shown by bakers’ yeast in fermenting 
pure maltose, when acting upon it alone, in contrast to its ability 
to ferment maltose without difficulty when in contact with a 
diastatically active flour paste or dough, permits only one reason- 
able conclusion. The flour must have furnished a factor or com- 
bination of factors without which the yeast could not ferment 
maltose effectively. Tests for maltase activity in the flour, alone, 
gave negative results. A sample of flour was then rendered en- 
zymatically inert by suspension for 1 hour in dilute HC], followed 
by washing with strong alcohol, neutralization, and drying. This 
flour, when doughed with an old yeast, showed completely negative 
fermentation. Fermentation was, moreover, so slight as to be 
almost negligible in the case of pure maltose alone, in contact with 
the yeast. Nevertheless, an active fermentation occurred when 
the same yeast was added to a mixture of the inactivated flour and 
pure maltose. 

It was concluded by Sandstedt and Blish (5) that flour contains a 
yeast maltase stimulant or activator that is non-enzymic. How- 
ever, 1t would seem equally plausible to consider that the activator 
is not necessarily a maltase stimulant, but that it is possibly, if not 
probably, a factor that induces yeast to ferment maltose directly, 
and without any preliminary hydrolysis to glucose. Regardless 
of how it functions, it serves effectively as a maltose fermentation 
activator or accelerator. 

More recently, Genevois and Pavloff (6) also have reported the 
existence of a maltose fermentation catalyst in flours. They find 
that the amount varies with different flours, and conclude that 
the catalyst is probably identical with Factor Z of von Euler and 
Swartz (7). 

The literature of recent years has recorded an enormous volume 
of research on yeast fermentation as influenced by a variety of 
catalytic factors including enzymes, coenzymes, non-enzymic 
accelerators, and inhibitors, among which are salts and other 
specific substances, some of which have not been identified. In 
most instances the effects of these factors have been measured 
and recorded in terms of CO, produced in the fermentation of 
glucose or sucrose. | 

The chief purpose of this communication is to report our further 
experiences and observations as to the occurrence and properties 
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of biocatalysts that are seemingly distinctive for their stimulating 
influence on maltose fermentation. 


EXPERIMENTAL 


The method used in these experiments for studying rate and 
degree of fermentation is essentially a manometric procedure in 
which the fermentations were conducted in aluminum cups of 
definite volume, submerged in a water bath at 30°. Each cup is 
fitted with a gas-tight lid carrying a mercury manometer, and 
fermentation rate is recorded in terms of mm. of pressure read at 
definite time intervals. Conditions and specifications for securing 
trustworthy results by this convenient procedure have been 
deseribed by Sandstedt and Blish (5). 

The usual practise in these studieswas to use 0.3 to 0.5gm. of 
bakers’ compressed yeast and 0.3 gm. of maltose,! and all experi- 
ments involved these amounts unless otherwise specifically stated. 
The substance or preparation suspected of containing activator 
was superimposed on this mixture, the total volume of which was 
seldom more than 5 to 6 cc. This small volume reduces to a 
negligible amount the error arising from the solubility of CO: in the 
liquid medium under pressure. 

Fermentation of Pure Maltose, Alone, by Bakers’ Yeast—The 
rate and the completeness of fermentation of pure maltose, alone, 
by a well known brand of bakers’ compressed yeast have been 
found to vary with different lots of yeast. With some lots there 
was only a negligible fermentation of the maltose, while others 
fermented it more completely. In nearly all instances a state of 
active fermentation was never reached until after an induction 
period of many hours. With all lots the fermentation efhciency 
was very low as compared with the action of the same yeasts on 
either glucose or sucrose. A typical instance of this is shown in 
Fig. 1. 

Fig. 1 shows that the fresh compressed bakers’ yeast was very 
deficient in its ability to ferment pure maltose, alone, as com- 
pared to sucrose. 

Occurrence of Activator in Flour—That wheat flour contains a 
non-enzymic maltose fermentation catalyst has been indicated, 


‘c.p. maltose hydrate was supplied by the Pfanstiehl Chemical Company. 
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and it is of interest to know whether different flours contain the 
factor in equal or varying amounts. Accordingly four flours were 
selected, including two bakers’ flours milled from hard winter 
wheat, one soft wheat flour, and one malt flour milled from 
germinated wheat. In each case the flour was extracted for 10 
minutes with 3 parts of water (preliminary tests having clearly 
shown the flour activator to be water-soluble). In 25 ec. of 
extract 1 gm. of yeast was suspended, and the mixture was allowed 
to ferment overnight at 30° to eliminate fermentable sugars present 
as such in the extract. Next morning a 7.5 cc. aliquot of the sus- 
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Fic. 1. Comparative fermentabilities of pure maltose and sucrose by 
fresh bakers’ yeast. 


pension (equivalent to 2.5 gm. of flour and 0.3 gm. of yeast) was 
added to 0.2 gm. of pure maltose, and the rate of fermentation was 
studied by the usual manometric procedure. Blank determina- 
tions without maltose gave negligible values. The results are 
shown graphically in Fig. 2. 

From the comparative fermentation rates shown in Fig. 2, it is 
apparent that flours vary appreciably as to the quantity or po- 
tency of activator, as also reported by Genevois and Pavloff (6), 
and it is evident that malted wheat flour contains much more of it 
than ordinary flour. In the case of the malted flour activator 
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the maltose was completely fermented in 5.5 hours, whereas in all 
other instances fermentation was incomplete even after 8 hours. 

Some Properties of Activator As Found in Malted Wheat Flour— 
Some difficulties were experienced in attempts to prepare the malt 
flour activator in highly concentrated form, reasonably free from 
contaminating substances, for the purpose of determining its 
properties. The best preparation was one obtained by extracting 
malted wheat flour with dilute HCl at pH 2 (the purpose in using 
acid was to destroy enzymic activity), neutralizing the acid, 
centrifuging, and adding alcohol to about 75 per cent concentra- 
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Fic. 2. Comparative amounts of activator in different flours 


tion. The filtrate from the alcohol precipitation was evaporated 


under reduced pressure, taken up with a little water, and treated 
with a large excess of acetone. The precipitate, after drying with 
acetone and ether, contained a large amount of activator, to- 
gether with a considerable quantity of fermentable substance. 
No convenient method of separating the activator from these 
and other contaminating materials was found, although we have 
made no serious or systematic effort to isolate and identify the 
active substance. 

Results of a few experiments intended to disclose some of the 
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more important properties of the activator, as found in wheat 
flour, can be briefly summarized as follows: It is soluble in water, 
It is not effectively extracted by alcohol, although in water solu- 
tion alcohol does not precipitate it until an alcoholic concentration 
of approximately 90 per cent by volume is reached. It is readily 
precipitated by acetone. It was found to be completely stable 
to exposure for 20 minutes in an autoclave at 15 pounds of steam 
pressure. After dialysis overnight in tap water the activity was 
greatly reduced, indicating that the factor is dialyzable and there- 
fore presumably of relatively small molecular size. The activator, 
in water solution, showed evidence of being strongly adsorbed by 
colloidal ferric hydroxide. These properties are indeed suggestive 
of Factor Z of von Euler and Swartz (7), as noted by Genevois 
and Pavloff (6). 

Occurrence of Activators in Yeasts and Yeast Preparations -We 
have made no serious effort to determine the extent to which 
maltose fermentation activators occur in biological materials of 
widely different type and origin. We did find appreciable amounts 
in navy beans, in young wheat leaves, in horse serum, and in eggs. 
Of the materials thus far studied, certain dried yeast and zymin 
preparations have afforded the most convenient and effective 
sources of the activating factor or combination of factors. Several 
commercial samples of dried yeasts were tried (two were brewers’ 
yeasts and another supposedly dried bakers’ yeast) and all were 
found to be effective, but in varying degrees. 

One of the most potent sources of activator was afforded by 
drying some ordinary bakers’ compressed yeast which in its fresh 
condition was conspicuously lacking in ability to ferment pure 
maltose. The addition of a small quantity of the dried yeast 
enabled the fresh yeast to ferment pure maltose rapidly and 
almost completely. Within certain limitations the method of 
drying the yeast was not a factor of critical importance. 

A commercial sample of zymin (Kimer and Amend) was found 
to be highly potent. Among the less effective of the yeast prepa- 
rations were those made by autolysis processes, including treat- 
ments, respectively, with toluene, chloroform, acetone, ethyl] 
acetate, etc. 

Fig. 3 shows comparative stimulating effects of several dried 
yeast preparations. In each case the fermenting medium con- 
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sisted of 0.3 gm. of maltose, 0.3 gm. of fresh yeast, and 0.3 gm. of 
the activator substance, with 5 to 6 cc. of water. The fermenta- 
tions were conducted in a 30° water thermostat. It was, of course, 
necessary to run a blank determination on each preparation, with 


maltose left out of the mixture. 


MM. PRESSURE 


ACTIVATOR SUPPLEMENTS 


A- BREWERS YEAST HARRIS 
B-MEADS BREWERS YEAST POWDER 

C- FLEISCHMANN COMMERCIAL DRY YEAST 
D- LABORATORY DRIED BAKERS YEAST 

- FILLER-FREE YEAST 
F -COMMERCIAL "“ZYMIN™ 

G-NO ACTIVATOR SUPPLEMENT 


-250 


"BLANK VALUES FOR 
SUPPLEMENTS ALONE 
MM. PRESSURE 


A-2 
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C-4 
E-23 
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Nic. 3. Acceleration of maltose fermentation by dried yeast preparations 


A value of 225 mm. of mercury (after subtraction of the blank) 
is the highest obtained from 0.3 gm. of maltose in any of these 
experiments, and this value may be conveniently designated as 
the optimum yield of carbon dioxide. | 

From an inspection of Fig. 3 it is evident that the fresh yeast 
was able to ferment pure maltose actively and readily only when 
supplemented by some stimulating substance contained in the 
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dried yeast preparations. When corrections for the blank values 
are applied, all combinations gave the optimum yield in 5 to 6 
hours with the single exception of Supplement A, which fell only 
slightly short. 

The significant variable among the different dried yeast products 
is the induction period, or the time interval elapsing before active 
fermentation begins. With Supplements A, B, and C (Fig. 3) 
fermentation did not reach the active stage until approximately 
15 hours had passed, whereas with Supplements D, E, and F active 


TABLE I 
Fermentation of Pure Maltose by Dried Yeast Preparations, Alone, As 
Compared with Fresh Yeast Alone, and with Fresh and 
Dried Yeast Combined 
CO, pressures are measured in mm. of Hg. 


COs pressures at successive time intervals 


— 


Preparation 
A. Fresh yeast alone......... | 25 30 | 
B. Brewers’ Yeast-Harris................| 2 | | 11} 11} 128 
C. Mead’s brewers’ yeast powder........ Pg | 113 | 24] 113 
D. Dried bakers’ veast (filler-free).......| 2 | 34 | 200 
E. Commercial 3) 7 | 10 | 20} 24 205 
10 | 22 25, 196 
A+D. Fresh yeast supplemented by dried | | | | | 


Fulmer, lowa State College, Ames. 


fermentation began without appreciable delay. Once active 
fermentation had started, the fermentation rates of Supplements 
B and C were not significantly different from those of Supplements 
D, E, and F. This suggests the probable existence of more than 
one stimulating factor, one of which is effective in eliminating or 
greatly reducing the induction period, while the other is con- 
cerned with the maintenance of a reasonably rapid rate of fermen- 
tation after the process is once initiated. 

The blank values, with the exception of the laboratory-dried 
bakers’ yeast, were small. That the high blank value for the 
laboratory-dried bakers’ yeast was due to the filler ordinarily 
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contained therein is evidenced by the fact that a much smaller 
blank was obtained in the case of some specially purchased filler- 
free bakers’ yeast. 

Is the stimulating effect of the dried yeast preparations dis- 
tinctly a supplementary effect, or will these preparations, by them- 
selves, actively ferment pure maltose? In Table I are presented 
data showing typical observations of the rates at which several of 
these preparations, respectively, ferment pure maltose by them- 
selves, as compared with their activities when used in conjunction 
with fresh yeast. 

The data in Table I show that the efficiencies of the dried yeast 
products, respectively, in fermenting pure maltose were similar 


TABLE II 
Maltose Fermentation Rates As Influenced by Varying Amounts of Activator 


CQO, pressures are measured in mm. of Hg. 


CO: pressures at successive time intervals 


Activator 
} hr. | lL hr. | 2 hrs. | 3 brs. | 4 brs. | 5 hrs. 
gm. 
None 5 7 9; 13 22 
A. Commercial zymin 0.2) 38 73 | 177 | 220 222 
0.4] 51 91 | 185 | 221 225 
0.6 | 55 | 120 | 210 | 232 
1.0 | 48 | 129 | 210 | 224 
KB. Commercial dried yeast 0.3 21 218 | 233 
0.6 15 167 | 228 | 235 
1.0 12 177 | 231 | 238 


to that of fresh yeast, and that in every case an induction period 
of many hours elapsed before active fermentation occurred. With 
the combination of fresh and dried yeast, however, (see Prepara- 
tion of A + D) fermentation started without delay and was 
nearly complete in 2 hours. 

Effect of Varying Quantity of Activator—The effect upon rate of 
maltose fermentation of varying quantity of activator was noted 
in the case of the commercial zymin and of dried bakers’ com- 
pressed yeast, these preparations, respectively, being superimposed 
in varying amounts upon mixtures containing 0.3 gm. of fresh 
yeast and 0.3 gm. of maltose. Comparative fermentation rates 
are indicated in Table II. 
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It is apparent from the values given in Table II that for Acti- 
vator A, within wide limits, the stimulating effect on fermentation 
is not proportional to the amount used, although the larger quanti- 
ties do significantly increase the initial fermentation rate. In the 
ease of Activator B, which had a much longer induction period 
than A, quantity variations from 0.3 to 1 gm. were without signifi- 
cant effect. 

Properties and Identities of Maltose Fermentation Activators in 
Dried Yeast Preparations—From the foregoing experiments the 
obvious conclusion is that the drying of yeast induces the forma- 
tion of one or more factors that stimulate to a remarkable degree 
the maltose-fermenting capabilities of fresh bakers’ yeast. The 
likelihood that there is more than one of these factors has been 
suggested in the discussion of data presented in Fig. 3. 

It has been indicated that the maltose fermentation activator 
found in wheat flour might be identical with von Euler’s Factor 
Z, and the same should reasonably be assumed for at least one of 
the dried yeast factors. Assuming two types of activators in 
dried yeast preparations, one type conspicuous for its ability to 
eliminate the induction period, experiments were designed to 
disclose, if possible, any distinctive differences in the properties of 
the two types. 

Stability toward heat (boiling in water) and dialyzability were 
properties suggestive of the likelihood that the wheat flour activa- 
tor is identical with Factor Z, but with dried yeast preparations, 
however, boiling in water—in fact, moist heat at a temperature far 
below 100°—rapidly destroyed much of their effectiveness as 
accelerators of maltose fermentation. Especially prominent was 
the destructive effect upon the particular factor that is responsible 
for the elimination of the induction period. This seems to show 
that dried yeast contains an active maltose-fermenting accelerator 
that is distinct from Factor Z, since the latter is known to be 
resistant to boiling water temperature. A means for the identifica- 
tion and measurement of Factor Z is to observe the extent to which 
the substance in question, after boiling, is capable of accelerating 
the fermentation of glucose or sucrose, by fresh yeast. It was 
therefore considered of interest to compare the accelerating effects 
of the dried yeast activator, both before and after boiling, on 
sucrose and maltose fermentation, respectively. ‘Typical data 
obtained from this series of studies are given in Table IIT. 
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Both dried yeast preparations showed marked ability to accel- 
erate the fermentation of sucrose by fresh yeast, but this stimula- 
tion of sucrose fermentation is by no means as striking as the 
effect upon maltose fermentation. 

Boiling treatment of the dried yeast preparations strongly 
inhibited their power to accelerate maltose fermentation, this 
effect being far more drastic for the zymin than for the dried 
compressed yeast. It is highly significant, however, that the 


TaBLeE III 


Acceleration of Maltose and Sucrose Fermentation by Boiled and Unboiled 
Dried Yeast Preparations 


A. Fresh yeast alone—no activator 


+ dried compressed yeast, unboiled 


0.3 gm. of fresh yeast, 0.3 gm. of activator, and0.3 gm. of sugar were used 
CQO, pressures are measured in mm. of Hg. 


CO pressures at successive time intervals 
Prepara- | 


| | | Shee. | Shes. 5 brs. 7 hrs. 
A | Maltose 20) 25 
B | Maltose 228 
Sucrose | «117: | 2 252 
C | Maltose 223 227 
Sucrose 44 | 113 | 228 242 
By Maltose 106 227 
Cy | 7 18 80 
48 | 124 | 228 | 245 


boiling treatment did not appreciably impair the ability of either 
of the activator substances to accelerate sucrose fermentation. 
This, seemingly, is conclusive evidence that, in addition to von 
Kuler’s Factor Z, the dried yeast preparations contained a catalyst 
that is specific for maltose fermentation. The latter, in contrast 
to Factor Z, is destroyed by boiling. It may, for convenience, be 
tentatively designated as Factor M. 

That Factor M is not a definite and exclusive chemical entity, 
having constant properties irrespective of origin or source, is 
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evidenced by the fact that the activator found in malted wheat 
flour is far more stable toward heat, as well as toward other treat- 
ments, than the one present in certain dried yeast preparations, 
The latter is injured not only by boiling, but also by exposure to 
alcohol. It is only partially dialyzable, and only partially extract- 
able with water. When a portion of the commercial zymin was 
electrodialyzed, much of the Factor M was destroyed, although 
the liquid in the cathode compartment was found to contain con- 
siderable activity. 

It is, of course, possible that the presence of certain unrecog- 
nized inhibitors may have played a prominent part in some of 
the phenomena herein discussed, and that this has led to some 
misinterpretation. Several attempts to inquire into this possibil- 
ity gave negative results, however. Control of hydrogen ion 
concentration did not appear to be an issue of serious consequence. 

Only a few pure chemical substances were investigated as to 
their possible stimulating effects upon maltose fermentation by 
fresh yeast. These included varying quantities of cysteine, cys- 
tine, glutathione, and monobasic ammonium phosphate, respec- 
tively. None gave significantly positive results. 

Effect of Dried Yeast Activator on Completeness of Sugar Fermen- 
tation—The calculated theoretical yield of CO, from a specified 
quantity of sugar is usually not realized in ordinary yeast fermenta- 
tion. In experiments with pure glucose and sucrose it was con- 
sistently observed that the addition of activator to the fresh yeast 
and sugar accomplished more than a mere acceleration of fermen- 
tation rate. There was also a very substantial reduction of the 
“fermentation deficit,” z.e. the difference between theoretical and 
actual yields of COs. For sucrose our calculations—based upon 
volume and temperature considerations—indicated that 0.3 gm. 
should give a pressure of about 282 mm. of mercury, assuming 
complete conversion to CO, and alcohol by fermentation. With 
0.3 gm. of fresh compressed yeast, together with the activator 
supplement, final pressures averaging 253 mm. were reached, 
indicating approximately 90 per cent of the maximum theoretical 
yield. This value was consistently obtained, within a small 
factor of error, with amounts of dried yeast preparations varying 
from 0.2 to 2.0 gm. With 0.3 gm. of fresh yeast alone, and the 
same quantity of sucrose, closely agreeing values averaging 214 
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mm. were obtained, indicating that alcoholic fermentation was 
only 76 per cent complete. From these values of 90 and 76 per 
cent it may be calculated that without the activator the fermenta- 
tion of sucrose was only 85 per cent as efficient as with the activa- 
tor. It must be presumed from the data given in Table III that 
for sucrose fermentation Factor Z, not Factor M, is the activator 
responsible for the increased total COs, production, because this 
particular potentiality was not impaired by the boiling treatment 
which was highly destructive to Factor M. 

Convenient Method for Preparation and l'se of Sugar Fermenta- 
tion Activators—-Several readily available sources of Factor M 
have been discussed. It is perhaps safe to expect that all dried or 
autolyzed yeast preparations containing Factor M_ will also 
contain Z, but the reverse of this is certainly not true, as in the 
ease of boiled zymin. Accordingly, since Factor Z of yeast is 
much more stable than Factor M, the production and preserva- 
tion of Factor M is the critical feature of any procedure in which 
hoth types of biocatalysts are desired. 

To obtain highly active preparations of Factor M from fresh 
yeast, the yeast must be dried but not overheated while moist. 
Any method in which the fresh yeast is autolyzed, t.e. putting it 
on a steam bath or in a hot air oven, must be avoided. If dried 
in the vacuum oven, fairly high temperatures may be used. <A 
highly satisfactory and simple procedure is to crumble up a quan- 
tity of compressed filler-free yeast, spread it over a flat surface, 
and use an overhead heater, with a current of air supplied by 
afan. If stirred occasionally, complete drying is accomplished 
in 3 or 4 hours. This dried yeast need not be finely ground, 
because it readily disintegrates in water suspension. 

Dried yeast thus prepared contains an appreciable amount of 
fermentable substance, which may either be fermented out or 
corrected for by blank determinations. If made into a paste or 
batter with water and allowed to stand a few hours, the small 
quantity of fermentable substance is disposed of and the yeast is 
redried by the method already described. When maximum 
accuracy is desired, it is advisable to run blank determinations with 
fresh yeast and activator, alone, with each series of tests. 

Detection of Activators in Biological Material— The simple and 
obvious method for identification of fermentation activators in 
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biological substance is to ferment, under comparable and con- 
trolled conditions, two samples of the material, one in the presence 
and the other in the absence of activator substance, 7z.e. the dried 
yeast preparation. If the material under consideration is deficient 
in activator, we can expect the added dried yeast preparation 
significantly to increase both the speed and completeness of fermen- 
tation, the degree of response indicating the extent of the defi- 
ciency in the material itself. If, on the other hand, the material 
itself contains activator, this should be indicated by either a 
negative or an insignificant response in the test in which the dried 
yeast activator preparation was added. 


TABLE IV 


Comparative Effects of Activator on Fermentation of Different Types of 
Biological Material 


0.5 gm. of yeast was used. 


sample | | 2hrs. 3hrs. | 4hrs. | 5hrs. | 6 hrs. 
168 | 278 | 288 | 291 | 291 
geet Pe ee ee 1. | 0.5 | 166 | 286 | 295 | 295 | 296 
97 | 140 | 151 | 160 | 165 | 168 


As illustrative of two types of biological products, one con- 
taining fermentation activators while the other is lacking or 
deficient in this respect, we may consider carrots on the one hand 
and molasses on the other. Under comparable conditions, when 
tested both with and without the dried yeast supplement, fermen- 
tation tests on these two materials gave, respectively, the results 
typified in Table LV. 

In Table IV it is seen that in the case of the carrot sample the 
supplementary effect of added activator on both rate and com- 
pleteness of fermentation was insignificant as compared with the 
effect upon the molasses. This is interpreted to mean that the 
carrot material, itself, contained sufficient activator to render 
unnecessary any addition of the dried yeast preparation. 

On the other hand the molasses was highly deficient in this 
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respect, for without added activator its rate of fermentation was 
much slower, and the final yield of carbon dioxide was about 87 
per cent of the yield when supplemented by the dried yeast acti- 
vator. This value of 87 per cent assumes added significance when 
it is recalled that the final carbon dioxide yield for pure sucrose 
without added activator was approximately 85 per cent of the yield 
obtained in the presence of the activator substance. 

Findings of this character indicate the importance of insuring 
the presence of an adequate amount of these biocatalytic factors 
in technological studies involving the quantitative estimation of 
sugars by fermentation methods. A knowledge and appreciation 
of the properties, use, and control of these biocatalysts should 
prove of value in the further improvement and establishment of 
such fermentation methods. From the standpoint of convenience 
and simplicity, alone, the tremendous advantages of the type of 
fermentation procedure used in these studies justifies every effort 
to establish the conditions and limitations under which such 
methods are applicable and trustworthy. Suggested possibilities 
for the use of this type of method in studying amylase activity 
appear in papers, respectively, by Schultz and Landis (8), Schultz 
and Kirby (9), Sandstedt and Blish (5), and Sandstedt, Blish, 
Mecham, and Bode (10). Further studies are in progress. 


SUMMARY 


Fresh bakers’ compressed yeast 1s usually strikingly deficient 
in its ability to ferment pure maltose, alone, as compared with 
maltose in the presence of other biological substances. 

Flour (especially from malted wheat) and dried yeast prepara- 
tions, respectively, contain accelerators that are specifie for mal- 
tose fermentation and that are distinctive for the ability to (1) 
eliminate or greatly shorten the induction period, (2) increase 
fermentation rate, and (3) reduce the “‘fermentation deficit.” 

The maltose fermentation accelerator (Factor M) in dried yeast 
preparations is sharply distinguishable from Factor Z of von 
Kuler by its great instability toward heat and toward alcohol. 

An understanding of the properties and the capabilities of 
fermentation activators is highly important in the development 
and use of fermentation methods for the quantitative estimation 
of sugars, and for the study of phenomena associated with amylase 
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activity. The manometric yeast fermentation technique affords 
an extraordinarily simple and convenient procedure for techno- 
logical studies of this character. 
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ON PROTEOLYTIC ENZYMES 


XIV. ON THE GENERAL NATURE OF THE ENZYMATIC 
DEGRADATION OF PROTEINS 


By MAX BERGMANN anp CARL NIEMANN 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York) 7 


(Received for publication, February 20, 1937) 


The general conception has been that the enzymatic degrada- 
tion of proteins proceeds in two distinct stages; 7.e., the pro- 
teinases cleave the true protein into polypeptides and from this 
point the polypeptidases and dipeptidase complete the degrada- 
tion to amino acids. The existence of enzymes that act directly 
on proteins and break them down to amino acids has been ex- 
plicitly denied (1-3). The reports describing the formation of 
amino acids in pepsin or papain ‘digests of proteins have been 
rejected on the grounds of errors in the methods. For example, in 
discussing the investigation of Calvery (4) it is assumed that the 
tyrosine liberated during the peptic digestion of egg albumin 
was not formed by the action of the enzyme but by the acid in 
the digestion mixture (1). It appears that these objections can- 
not be valid in all cases,! as Annetts (6) has shown, with the aid 
of the ultracentrifuge, that amino acids and lower peptides are 
formed when egg albumin is digested by papain; and Calvery 
and his coworkers have offered additional evidence (7-9) support- 
ing his earlier conclusions. 

In previous studies from this laboratory (10-12) it has been 
shown that amino acids are liberated from synthetic peptides 
by the action of papain. ‘Therefore it was expected that an ex- 
haustive digestion of a protein would yield considerable amounts 
of free amino acids. It did not seem superfluous to conduct a 


1 In several instances there are ample grounds for valid objections; see, 
for example, Emmerling (5). 
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digestion of this kind and to isolate, in a pure condition, at least 
a part of the amino acids so formed. Furthermore, it appeared 
desirable to determine whether both of the partial enzymes 
of papain were capable of liberating amino acids from proteins. 
Cattle fibrin was selected for digestion and the amino acids that 
were isolated are given in Table I. The tyrosine separated 
directly from the digest and the other amino acids were obtained 
by extraction with butyl alcohol, a method which Dakin (15) 
has recommended for the investigation of enzymatic digests. 
Practically all of the tyrosine and considerable amounts of the 
phenylalanine, tryptophane, leucine, and isoleucine present in 
fibrin were liberated on digestion with papain. Free proline was 


TaBLe 
Amino Acids Isolated from Fibrin-Papain-HCN Digest 


Amount 
Amino acid | 

Isolated In fibrin*® 

| per cent | per cent 


* See Abderhalden and Voitinovici (13) and Bergmann and Niemann (14). 


not found in the papain-fibrin digest as was anticipated from the 
earlier studies on synthetic papain substrates undertaken in this 
laboratory. 

In addition to the above experiment, fibrin was digested with 
papain in the presence of phenylhydrazine. Under these condi- 
tions Papain I is inactive and Papain II is responsible for the 
digestion (16, 17). In this case, 1.1 per cent of tyrosine were 
isolated, which is one-third of the amount obtained through acid 
hydrolysis or through the combined action of Papain I and Papain 
II. Therefore it is evident that both Papain I and Papain II 
can liberate tyrosine from the protein molecule. 

It has been pointed out in previous researches of this laboratory 
that proteinases hydrolyze peptides or peptide derivatives of 
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low molecular weight, and that simple substrates have been 
found for papain, liver cathepsin, bromelin, chymotrypsin, and 
heterotrypsin.2?, Therefore, the conception that proteinases are 
limited to the splitting of substrates of high molecular weight 
and that amino acids and lower peptides are the result of the 
secondary action of enzymes other than proteinases does not 
appear to be valid. 

As proteins of high molecular weight contain only a vanishingly 
small number of free a-amino and a-carboxyl groups, the first 
step in their enzymatic degradation can be accomplished only by 
enzymes which do not require a free a-amino or a-carboxyl group; 
i.e., the proteinases or endopeptidases. The extent of the 
splitting of proteins by proteinases is determined by the structure 
of the protein and by the specificity of the proteinase. In many 
cases the degradation proceeds with the formation of large 
amounts of amino acids. However, the specificity of the pro- 
teinases is such that they cannot degrade a protein completely to 
amino acids. To attain this state, the action of the proteinase 
must be supplemented by the action of exopeptidases, e.g. car- 
boxypolypeptidase, dipeptidase, ete. 


EXPERIMENTAL 


Preparation of Digest—-1172 gm. of cattle fibrin, 1635 ec. of an 
aqueous solution containing 27 gm. of papain (19) and 6.5 gm. of 
HCN, 1635 ec. of 0.2 m disodium phosphate, 6500 ec. of water, 
and 20 ec. of toluene were incubated at 37° for 20 days.* The 
digest (pH 6.4) was heated to 80° and filtered, and the residue 
was exhaustively extracted with hot water. The concentrated 
washings were added to the original filtrate and the solution was 
made up to 14 liters. 

Isolation of l-Tyrosine—-After the digest stood at 6° for 3 weeks, 
29.2 gm. of l-tyrosine separated from it. The crude product 
was recrystallized from water. 


Cy,H,,O;N. Caleulated, N 7.7; found, N 7.7 
[a]* = —15.5° (ce = 1.6% in 10% HCl) 


- 


2 This enzyme, which splits hippuryllysineamide, is described elsewhere 
by Bergmann and Fruton (18). 

3 Approximately 64 per cent of the peptide bonds were hydrolyzed under 
these conditions. 
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When the minimum solubility of tyrosine in 14 liters of solution 
is accounted for, the yield is increased by 7.0 gm.* ‘Thus the total 
yield was 36.2 gm. or 3.1 per cent of the protein. 

Butyl Alcohol Extraction—-13.4 liters of digest were shaken twice 
with an equal volume of n-butanol. The alcoholic phases were 
concentrated to 400 ec. and 73.8 gm. of solids were recovered. 
The aqueous phase was then concentrated below 35° to 3.8 liters 
and extracted 5 times with equal volumes of butanol. 82.3 gm. 
of solids were recovered from the alcoholic phases. Thus the 
total yield was 156.1 gm. 

Isolation of l-Leucine—-125 gm. of the above solids were dis- 
solved in 1 liter of water. After the mixture stood overnight at 
6°, 6.8 gm. precipitated. 4.3 gm. of this product were dissolved 
in 80 ec. of water and treated with 10 gm. of potassium cyanate 
(20). After acidification, the hydantoic acid was collected (4.5 
gm.) and recrystallized from water. The acid melted at 211- 
212° with decomposition. 


C,H,,O;N2. Calculated, N 16.1; found, N 15.9 


The hydantoic acid was converted into the hydantoin and after 
recrystallization from water the substance melted at 214.0- 
214.5°. A mixed melting point with an authentic specimen of 
isobutylhydantoin showed no depression. 


Calculated, N 17.9; found, N 18.0 


4.3 gm. of pure /-leucine yielded, under the same conditions, 5.0 
gm. of the hydantoie acid. Therefore approximately 90 per cent 
of the above precipitate was /-leucine. 

Isolation of l-Tryptophane—The aqueous solution remaining 
after the crystallization of the crude leucine was acidified with 
sulfuric acid and the tryptophane was precipitated in the usual 
manner with Hopkins-Cole reagent. When the precipitate was 
decomposed and the solution was concentrated to 75 ce., 12.0 
gm. of crude tryptophane were obtained. After one recrystalliza- 
tion from aqueous ethanol the substance possessed the correct 
constants (21). 


C,,;H~O.N>s. Caleulated, N 13.7; found, N 13.8 
= +2.8° (¢ = 2.1% in 10% HCl) 


‘ During subsequent operations 5.0 gm. were actually isolated. 
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When the tryptophane mother liquor was treated with formal- 
dehyde and sulfurie acid (22), 2.3 gm. of 3,4,5,6-tetrahydro-4- 
earboline-5-carboxylic acid were obtained. After recrystalliza- 
tion from 50 per cent ethanol containing a trace of ammonia, the 
substance melted at 310° with decomposition. 


C 12H 2. Calculated, N 13.0; found, N 13.2 


Isolation of d-Isoleucine-—The filtrate from the tryptophane 
precipitation was freed of inorganic ions and concentrated to 
100 ce. 38.2 gm. of crude “leucine’’ were isolated from this con- 
centrate. 35.0 gm. of this product (N 10.7) were dissolved in 
1.5 liters of water and treated with 50 gm. of cupric hydroxide. 
After the mixture stood overnight at 25°, the precipitate was 
collected, washed, suspended in water, and decomposed with 
hydrogen sulfide. The solution was concentrated to a small 
volume, and with the aid of ethanol 15.0 gm. of /-leucine were 
obtained. 


C,.H,;0.N. Calculated, N 10.7; found, N 10.8 
[a]> = +17.0° (ec = 2.1% in 10% HCl) 


The a-naphthyl isocyanate compound melted with effervescence 
at 158-159°. 


CyzHeoN2O3. Calculated, N 9.3; found, N 9.6 


The solution containing the water-soluble copper salts was re- 
duced to 500 ce. and filtered, and the filtrate was freed of copper. 
The solution was concentrated to 50 ec., and with the aid of 
ethanol 5.5 gm. of crude isoleucine were isolated. 4.5 gm. of this 
product were treated with a-naphthyl isocyanate and after 
recrystallization from 50 per cent ethanol the derivative melted 
with decomposition at 178-179°. 


Ci 7HeoN2O3. Calculated. C 68.0, H 6.7, N 9.3 
Found. 
la]p = +29.0° (c = 9.5% in ethanol) 


A melting point of 178° and a specific rotation of 29.5° have been 
reported for the a-naphthyl isocyanate compound of d-iso- 
leucine (23). 

Isolation of l-Phenylalanine—The mother liquor from the crude 
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' leucine separation was treated with an excess of cupric hydroxide. 

The precipitate was collected, suspended in water, and decom- 

fe posed with hydrogen sulfide, and the solution was concentrated 

i to 200 ec. 100 ec. of this solution were treated with 4 gm. of 

| ' picrolonic acid and the precipitate was discarded. ‘The filtrate 

i was treated with an additional 4 gm. of picrolonic acid and 

Wh the crystalline precipitate was collected (3.3 gm., N 15.9). A 

afi sample recrystallized twice from hot water sintered above 100° 

| and melted with decomposition at 200°. 

Caleulated. C 51.0, H 4.7, N 15.7, H.O 4.0 

Found. 50.9, 49,“ 15.9, “ 4.1 

sh When the derivative was treated with chromic acid, the charac- 

. teristic odor of phenylacetaldehyde was recognized. The other 

af 100 ce. of the above solution were treated with potassium cyanate, 

Hf and 6.5 gm. of a crude hydantoie acid were isolated. Alternate 

a recrystallizations from hot water and alkali raised the melting | 
if point to 205-206°, thereby identifying the substance as N- | 
carbamylleucine. | 
i C;H,,0,N;. Calculated, N 16.1; found, N 16.0 

; £ Examination of Fraction Soluble in Butanol—-The butanol 

: mother liquors were combined and the solvent was removed in 

if vacuo. The residue (30 gm.) was taken up in ethanol and filtered, 

if and the filtrate was freed of ethanol. The residue was taken up | 
10 in 100 ce. of water and portions of this solution were treated with | 
i, rhodanilie acid (24), but in no case were the characteristic crystals | 
He of proline rhodanilate observed. When l-proline was added to the | 
th solution under examination, the amino acid was readily recovered, | 
Hi thereby indicating the absence of free proline in the enzymic | 
digest. | 
in Additional Isolation Experiments—The aqueous phase remain- | 
BEF ing after the butanol extractions was shaken out three times with | 
iF 4 liters of n-propanol. The alcohol phases were combined, the | 
iB solvent was removed, and the residue was taken up in cold 5 


Ae per cent sulfuric acid. An excess of Hopkins-Cole reagent was 
added, the precipitate was removed, and the filtrate was freed 
of inorganic ions. 13.1 gm. of solids were isolated from this 
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solution. Examination of this fraction indicated that the sub- 
stance was a mixture of isomeric leucines. 


CeH1;30.N. Calculated, N 10.7; found, N 10.6 


The aqueous phase remaining after the propanol extractions was 
filtered and yielded 5.0 gm. of tyrosine. 


CoH,,0O;N. Calculated, N 7.7; found, N 7.7 


Papain-HCN-Phenylhydrazine Digestion—246 gm. of cattle 
fibrin, 375 cc. of an aqueous solution containing 6.25 gm. of 
papain, 1.5 gm. of HCN, and 7.3 gm. of phenylhydrazine,> 375 ce. 
of 0.2 m disodium phosphate, 1750 ce. of water, and 10 ce. of 
toluene were incubated at 37° for 20 days. A control experiment 
without phenylhydrazine was conducted at the same time. At 
the end of 20 days and after correction was made for the enzyme 
blanks, the papain-HCN digest contained 6.35 mg. of amino 
N per cc., and the papain-HCN-phenylhydrazine digest 5.91 mg. 
of amino N per ce. Sufficient benzaldehyde was added to the 
digest containing the phenylhydrazine to react with the base, and 
the two solutions were heated just to boiling. The insoluble mat- 
ter was removed and washed with hot water. The filtrate and 
washings were combined and the solutions concentrated in vacuo 
to 1 liter. After the mixture stood at 6° for 3 months, the crude 
tyrosine was collected. 7.3 gm. of tyrosine were obtained from 
the papain-HCN digest, but only 2.3 gm. were recovered from the 
papain-HCN-phenylhydrazine hydrolysate. Thus, in the case 
of the papain-HCN digestion, after correction was made for 
the minimum solubility of tyrosine in the solution, the yield was 
7.8 gm. or 3.2 per cent of the protein. 


C,H,,0;3N. Calculated, N found, N 7.7 


The corrected yield in the case of the digestion conducted in the 
presence of phenylhydrazine was 2.8 gm. or 1.1 per cent of the 
protein. 


C,H,,0;N. Calculated, N found, N 7.8 


5 This solution was incubated at 37° for 2 hours before it was added to the 
other components. 
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B-ESTRADIOL 


By B. WHITMAN, OSKAR WINTERSTEINER, ann E. SCHWENK 
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Several years ago Schwenk and Hildebrandt (1) reported in a 
preliminary publication the preparation of two isomeric forms 
of estradiol, by catalytic reduction of estrone, differing from each 
other by their melting points (170° and 204°). The lower melt- 
ing isomer was found to be more active in the Allen-Doisy test 
than the higher melting compound, and has attained physiological 
importance since MacCorquodale, Thayer, and Doisy (2) iso- 
lated it from liquor folliculi. This substance is the most potent 
estrogenic compound known as yet and in all probability repre- 
sents the true follicular hormone of the ovary. It has also been 
shown to be present in the urine of pregnant mares by Winter- 
steiner, Schwenk, and Whitman (3). 

Later, other workers (2, 4-7) reduced the keto group of estrone 
by catalytic hydrogenation or with sodium in alcohol, but ob- 
tained only the lower melting diol. It was suggested by Girard 
and coworkers that the high melting isomer was actually derived 
not from estrone but from an accompanying impurity. 

In the following we describe in more detail a new method of 
reduction and the separation and properties of the high melting 
isomer. To facilitate discussion we use tentatively the terms 
a-estradiol for the low melting, and 8-estradiol for the high melt- 
ing isomer. According to their mode of formation the two isomers 
ean differ from each other only by the stereochemical configura- 
tion of carbon atom 17. They therefore may be regarded as 
epimers. 

The reducing agent is a nickel-aluminum alloy,! which is al- 

1 Raney’s nickel-aluminum, obtained from the Gilman Paint and Varnish 


Company, Chattanooga. 
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lowed to react on an alkaline solution of estrone at 80-90°. The 
crude reaction product consists of a mixture containing prepon- 
derantly the aepimer. Its specific rotation indicates a content 
of no more than 10 to 20 per cent of the 8 compound. By re- 
peated recrystallization a-estradiol is easily obtained, while the 
combined mother liquors yield products melting between 190-— 
206°. The separation of these mixtures by fractional crystalliza- 
tion is rather laborious, but fractions melting from 200-210° 
finally accumulate, and from these the 8 compound can be 
obtained without further difficulty. A far more convenient 
method for the separation of these mixtures has recently been 
found by one of us (Wintersteiner (8)). It is based on the fact 
that the @ isomer is capable of forming a sparingly soluble 
digitonide in 80 per cent alcohol solution, while the 8 isomer is 
not precipitated by digitonin under these conditions. The im- 
plications of this finding have been discussed in a separate com- 
munication (8). The pure @ isomer can be recovered from the 
digitonide by the pyridine method. The filtrate from the 
digitonide, after removal of the digitonin, easily yields the pure 
8 isomer after several recrystallizations. 

8-Estradiol crystallizes from dilute ethyl alcohol in needles 
which melt with slight decomposition at 220—223° (corrected). 
A 3-monobenzoate, m.p. 156-157° (corrected), and a diacetate, 
m.p. 139-141.5° (corrected), have been prepared. 

Schwenk and Hildebrandt found that a-estradiol was more 
potent physiologically than 8-estradiol. Since their preparations, 
especially that of the 8 isomer, were not homogeneous, as is 
indicated by the lower melting points, the bioassays have been 
repeated with the pure isomers now available. 

The Allen-Doisy method applied to the ovariectomized rat 
was used for standardization. The material to be tested was 
injected in sesame oil. Pure estrone was repeatedly assayed by 
this method and found to contain 1,000,000 rat units per gm. 
Our rat unit is therefore 10 times the international unit (0.1 
microgram of estrone). 

The figures obtained with the diols and their benzoates are 
given in Table I. Our present measurements indicate that 
a-estradiol is about 12 times as potent as estrone, while the ratio 
previously determined was only 6:1. MacCorquodale, Thayer, 
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and Doisy give a unitage of 16,600,000 international units, meas- 
ured by the modified Allen-Doisy procedure (injection of aqueous 
solutions), which corresponds to a ratio of 1.6:1. David, de 
Jongh, and Laqueur (6) find an activity ratio of 3:1 under 
conditions more comparable with ours (injection of oil solutions, 
undivided dose). ‘These discrepancies in the results of various 
investigators can probably be ascribed to differences in the assay 
technique. The variability of assay results obtained under differ- 
ent conditions has been carefully studied and discussed by the 
Dutch investigators. 


TABLE I 
Properties of a, B-Estradiols and Their Derivatives 

M.p. id, 

degrees rat untls per gm. 
223 +54 300 , 000 
195 6 ,000 , 000 
127 
141.5 


The benzoate of a-estradiol is, according to our assays, 6 times 
as strong as estrone, which is not far removed from the ratio 
found by David et al. (3 to 4:1). 

8-Estradiol, on the other hand, contains only about 30 per 
cent of the activity of estrone according to our present assay. 
The high ratio (4:1) which was found originally by Schwenk and 
Hildebrandt with their impure preparation was undoubtedly 
due to contamination with the highly active a isomer.’ 


2 A substance melting at 224° and apparently identical with §-estradiol 
has recently been isolated from the urine of pregnant mares by Hirschmann 
and Wintersteiner (unpublished experiments). This preparation was 
assayed simultaneously with the substance described in this paper. How- 
ever, the urinary preparation was found to be even less active (50,000 to 
100,000 rat units per gm.) than the 8-estradiol obtained by reduction. 
These figures are preliminary, but, if substantiated by further assays, they 
would indicate that our preparation of 8-estradiol obtained by reduction 
contained still a small amount (2 per cent or less) of the a isomer. 
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Benzoylation of the hydroxyl at carbon atom 3 decreases 
the activity to half of that of the free diol, as in the case of the 
a isomer. 

A similar situation in regard to physiological activity obtains 
with the C 17 epimers of testosterone (9). The isomer occurring 
in the testes, named trans-testosterone by Ruzicka and collabora- 
tors, on the basis of certain chemical evidence relating the config- 
uration of the C17 hydroxyl to the methyl group on carbon 
atom 13, is the most potent androgenic compound known. On 
the other hand, the czs epimer, derived from a by-product in the 
reduction of A;-androstene-3-ol-17-one-3-acetate, shows only little 
activity in the capon test and is entirely inactive in the seminal 
vesicle and prostate test in the castrated rat. The biological 
criteria as well as the relation of the melting points and specific 
rotations of the two epimeric pairs would therefore seem to sug- 
gest an identical configuration on carbon atom 17 in a-estradiol 
and trans-testosterone on the one hand, and of f-estradiol and 
cis-testosterone on the other hand. 


EXPERIMENTAL 


Reduction of Estrone—A technical preparation of estrone, iso- 
lated from the urine of pregnant mares, was purified by the 
quinoline method of Butenandt and Westphal (10) and recrystal- 
lized twice from acetone. The final product (m.p. 258-260° 
(uncorrected); [a], = +165°) was used for the reduction experi- 
ment. 

A solution of 1 gm. of estrone in 1300 ec. of 10 per cent aqueous 
potassium hydroxide was heated to 80-90°. 18 gm. of Raney 
nickel were then introduced in small portions with vigorous 
stirring, care being taken that the evolution of hydrogen had 
ceased before each new addition. The hot reaction mixture was 
filtered quickly and the residue on the filter washed thoroughly 
with water in such a manner that it was always covered with 
fluid. This precaution is necessary as the nickel residwe will 
ignite if allowed to become dry. ‘The filtrate, while still hot, was 
acidified to Congo red with hydrochlorie acid, and the precipitate 
filtered after cooling. Precipitation in the cold yielded a diffi- 
cultly filtrable product. 

Separation of Isomers by Fractional Crystallization—-The crude 
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reaction product is a white powder melting at 168-180°. Two 
recrystallizations from acetone gave fairly pure a-estradiol (m.p. 
172-174°) in 60 to 80 per cent yield. On further recrystallization 
from 80 per cent alcohol the pure compound, which melts at 
176-178° (corrected), is obtained in the form of short prisms; 
[a], = +81° (1 per cent in alcohol). The monobenzoate and the 
diacetate which we prepared melted at 194-195° and 126—127° 
respectively, in, accordance with the data given by David, de 
Jongh, and Laqueur (6). 

In the acetone mother liquors crystalline material remains 
which softens at 170° and melts at 190-204°. Further fractiona- 
tion with 80 per cent alcohol yields more of the @ isomer, and, in 
the more soluble fractions, needle-shaped crystals which melt at 
200-206° and probably represent mixed crystals of both isomers. 
The further fractionation of these mixtures is laborious, but 
finally fractions melting around 210° can be obtained, which on 
further recrystallization yield the pure 8 isomer without diffi- 
culty. 

Thus 175 mg. of a product melting at 190-204° gave 50 mg. 
of the a isomer melting at 170-174° and 27 mg. of the 8 isomer 
melting at 218-223°. 

Digitonin Procedure—55 mg. of material obtained from the 
intermediate fractions of the above fractional crystallizations were 
dissolved in 3 ce. of 80 per cent aleohol. To this solution were 
added 10 ee. of a solution of 200 mg. of digitonin in 80 per cent 
aleohol. After 24 hours standing at room temperature the 
crystalline digitonide was filtered off and washed with small 
portions of 80 per cent alcohol. After drying, the crystals (93 
mg.) were dissolved in 2 ec. of dry pyridine, and 7 cc. of an- 
hydrous ether were gradually added. ‘The precipitated digitonin 
was removed by centrifuging. The supernatant liquid was 
washed with dilute sulfuric acid and water, and brought to dry- 
ness. The residue (22 mg.) on recrystallization gave 17.7 mg. of 
a-estradiol melting at 176-178° (corrected). Further recrystalli- 
zation did not change the melting point. 

The filtrate from the digitonide was brought to dryness tn vacuo 
and the residue extracted with dry ether. The ether-soluble 
material (34 mg.) on recrystallization yielded 22 mg. of crystals 
melting at 204-214°. These were twice recrystallized and then 
consisted of the pure # isomer. 
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8-Estradiol crystallizes from dilute alcohol in long, shiny needles 
melting at 220-223° with slight decomposition; [a]*# = +53.8° 
(0.7 per cent in dioxane). ‘The ultraviolet absorption spectrum 
is identical with that of estrone. In concentrated sulfuric acid 
the compound gives an intense blue fluorescence, but with a 
slight greenish tint, which is absent with the a isomer. Coupling 
with p-nitrodiazobenzene in alkaline solution produces a yellow 
dye of the same shade as that given by the a isomer. ‘The prepa- 
ration crystallized from dilute aleohol contained solvent of 
crystallization which could not be completely removed at 80° even 
in a high vacuum. A similar behavior has been noted with a- 


estradiol (6). 


Analysis—(Dried at room temperature) 
CisH2O2-4H,O. Calculated. C 76.81, H 8.96 
(Dried at 110° at 2 mm.) 
CisHaO,.. Calculated. C 79.35, H 8.89 
Found, 79.33, 8.83 


mg. of f-estradiol were dissolved 
with warming in 5 ce. of 5 per cent sodium hydroxide solution. 
After cooling to room temperature an excess of freshly distilled 
benzoyl chloride was added drop by drop with vigorous shaking. 
The precipitated benzoate, after washing with sodium hydroxide 
and water, weighed 29.8 mg. It was recrystallized twice from 
90 per cent alcohol; the platelets melted at 156-157°. 


Calculated. C 79.74, H 7.50 
Found. ‘$99.71. 7.46 


B-Estradiol Diacetate—8.4 mg. of 6-estradiol were boiled for 
14 hours with pure acetic anhydride. The reagent was distilled 
off an vacuo and the residue recrystallized twice from 80 per cent 
alcohol; 6.3 mg. of prisms with oblique ends, m.p. 139-141.5° 
(corrected), were obtained. 


Analysis—-C2,H2;0,. Calculated. C 74.12, H 7.92 
Found. 


Bioassay—The bioassays were conducted in the laboratory of 
Dr. Charles Mazer (Philadelphia), to whom we wish to extend our 
thanks for his kind cooperation. Ovariectomized rats, kept under 
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standard conditions, were injected three times in the course of a 
day with a solution in sesame oil of the substance to be tested. 
® total of three injections was given. 50 rats in groups of ten 
were employed for each assay, each group receiving a different 
dose. The five group dosages were graded in such a way that 
the highest dose was 3 times as great as the lowest. The total 
dose per rat producing full estrus in seven out of the ten rats was 
taken as the equivalent of 1 rat unit. 


SUMMARY 


Reduction of estrone with nickel-aluminum yields two isomeric 
diols, which differ from each other by the configuration of carbon 
atom 17. a-Estradiol, which is identical with the dihydro- 
theelin isolated by MaeCorquodale, Thayer, and Doisy from 
follicular fluid, is formed predominantly. The properties of the 
other epimer, 6-estradiol, which is much less active physiologically 
than a-estradiol, are deseribed. 


We wish to acknowledge the helpful assistance of Miss Ethel 
Gain in this work. 
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oxidation, catalytic, effect 
(LyMAN, ScHULTzE, and 
KING) 757 


Inorganic salts: Dietary, tissue 
ash, influence (Eppricut and 


SMITH) 679 
Insulin: Cystine (MILLER and 
pu VIGNEAUD) 101 
Intestine: Ammonia (HERRIN) 
459 
Carbon dioxide tension (HER- 
RIN) 459 
Hydrogen ion concentration 
(HERRIN) 459 
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810 Index 


Intestiae—continiued: 

Phosphatase identification, bile 

acids as aid (BopANSKY) 
341 
Inulin: Diffusion coefficient 
(BuniM, and SMITH) 
667 
Iodide: Microdetermination, 
dioxane use (SAIFER and 
HvUGHEs) 241 
Isoglutathione: Synthesis (bu 
VIGNEAUD, LorRING, and 
MILLER) 391 


K 


Kidney: Phosphatase identifica- 
tion, bile acids as_ aid 
(BoDANSKY) 341 


L 


Lactate: Blood, exercise effect 
(JOHNSON and Epwarps) 

427 

Lactic acid: Mandelic acid, con- 


figurational relationship 
(Kuna and LEVENE) 315 


Lactogenic hormone: 
various methods (BERGMAN 
and TuRNER) 247 

Lecithins: Brain, origin (Mc- 
CONNELL and SINCLAIR) 


13] 

Limulus: Hemocyanin, sulfur 
distribution and basic amino 
acids (MAzuR) 631 


Lipids: Blood, distribution, 
anemia, pernicious (WIL- 
LIAMS, I:RICKSON, BERN- 
STEIN, HUMMEL, and Macy) 


+ —, anemias,_ children 


Lipids—continued: 
(Erickson, WILLIAMS, Hum- 
MEL, LEE, and Macy) 
569 
—, —, children (Erickson, 
WiLLIAMs, HuMMEL, and 


Macy) 15 
Liver: Catalase (DuUNN _ and 
| tis) 545 
Peroxidase (DUNN and Mor- 
GULIS) 545 


Lysine: Aspergillus sydowi, iso- 


lation (WoOoLLEY and PETER- 
SON) 363 
M 


Magnesium: Biological fluids, 
determination, spectro- 
graphic (THomson and LEg) 

711 

Blood serum, determination, 
colorimetric (HorrMaNn) 

37 

Maltose: Fermentation, yeast 
activators (BiisH and SAnp- 
STEDT) 700 

Mandelic acid: Lactic acid, con- 
figurational relationship 


(Kuna and LEVENE) 315 
Marine products: (BERGMANN) 
499 


Mercapturic acid: p-Bromo- 
phenyl-, synthesis, food and 
bromobenzene relation 
(STEKOL) 155 

Metabolism: Carbohydrate, 
pancreatectomy (BARKER, 
CHAMBERS, and Dann) 

177 
Tumor phospholipid (Haven) 
111 

Metaphosphoric acid: Ascorbic 

acid oxidation, catalytic, 
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Subjects 811 


effect (LyMaNn, ScHULTZE, Osmosis: Blood, adjustments 


and Kina) 757 
Methemoglobin: Formation, tis- 
sues (BERNHEIM and 
MICHEL) 743 


Milk: Elaidic acid relation (Mc- 
CONNELL and SINCLAIR) 

123 

Mineral: Blood, distribution, 

anemia, pernicious (WIL- 

LIAMS, ERtcKson, BERN- 

STEIN, HUMMEL, and Macy) 

599 

—, anemias,' children 

(IcRICKSON, WILLIAMS, 

HumMEL, LEE, and Macy) 


569 

—-, children (ErRIcKson, 
WititraMs, HuMMEL, and 
Macy) 15 
Mold: Tissue, chemistry (WooL- 
LEY and PETERSON) 363 


Mollusks: Stigmasterol (BERG- | 
MANN) — 499 | 


Mucoitin polysulfuric acid: He- 
parin relation (JorpEs and 
BERGSTROM) 447 


Muscle: Salt and water, blood 
and, exchange, dehydration | 
effect (EICHELBERGER and 
HASTINGS) 205 

— — —, — and, exchange, 
respiratory alkalosis and 
acidosis, effect 
BERGER and HASTINGS) 


197 


O 


Oil: Peel, grapefruit, wax-like | 
constituents (MARKLEY, | 
NELSON, and SHERMAN) | 

433 | 


(EIsENMAN, and 
PETERS) 289 

Oxidation-reduction: (BALL) 
219 


P 


Pancreatectomy: Carbohydrate 
metabolism (BARKER, 
CHAMBERS, and Dann) 

177 

Pellagra: Anti-, factor, concen- 
tration (KoEHN and ELVE- 


HJEM) 693 
Peptides: Multivalent (GrREEN- 
STEIN) 321 
Peroxidase: Liver (DuNN and 
MorRGULIs) 545 


Phosphatase: Identification, bile 
acids as aid (BopANSKY) 

341 

Phospholipid(s): Blood, deter- 

mination and May- 


NARD) 701 
Tumors, metabolism (HAVEN) 
111 


Placenta: Elaidic acid relation 
and SInciair) 
123 


| 
4 


_Pneumococcus: Enzyme, auto- 


lytic, vitreous humor, um- 
bilical cord, and streptococ- 
cus polysaecharide acids, 
hydrolysis by Dv- 
Bos, and SmMyTuH) 71 


Polysaccharide: Streptococcus, 


hemolytic, Group A mucoid 

strains (KENDALL, HEIDEL- 
BERGER, and Dawson) 

Tubercle bacillus, Strain H-37 

(HEIDELBERGER and MEnN- 

ZEL) 79 
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812 Index 


Polysaccharide acids: Vitreous 
humor, umbilical cord, and 
streptococcus, hydrolysis by 
pneumococcus autolytie en- 
zyme (MEYER, DuBos, and 


SMYTH) 71 
Porphyria: Fox-squirrel (Tur- 
NER) 519 


Potassium: Biological fluids, de- 
termination, spectrographic 


(THOMSON and LEE) 711 
Blood serum and urine, deter- 
mination (STRAUSS) 331 


Protein(s): Degradation, en- 
zymatic (BERGMANN and 
NIEMANN) 751 

Denaturation and hydration 
(BuLL and NEURATH) 163 


Structure (BERGMANN and 
NIEMANN) 301 


Tobacco mosaic virus, crystal-_ 


line, absorption spectrum, 
ultraviolet (LAVIN and STAn- 


LEY) 269 
Proteolysis: (BERG- 
MANN and FruToN) 405 
(BERGMANN and NIEMANN) 

781 


Pyruvate: Blood, exercise effect | 


(JOHNSON and EpWarps) 
427 


S 


Salt: Blood and muscle, ex- 
change, dehydration effect 


(EICHELBERGER and Hast- | 


INGS) 


———-—~, —-, respiratory alka- | 


losis and acidosis, effect 
(KICHELBERGER and Hasr- 
INGS) 197 
Sciurus niger: See Fox-squirrel 


Sodium: Biological fluids, deter- 
mination, spectrographic 
(THOMSON and LEE) 711 

Stigmasterol: Mollusks (BErRa- 
MANN) 499 

Streptococcus: Hemolytic, 
Group A mucoid strains, 
polysaccharide (KENDALL, 
HEIDELBERGER, and Daw- 
SON) 61 

Polysaccharide acids, hydroly- 
sis by pneumococcus auto- 
lytic enzyme (Meyer, Dv- 
Bos, and SMYTH) 71 

Strontium: Microdetermination 
(SOBEL, PEARL, GERCHICK, 


and KRAMER) 47 
Succinate: -Fumarate-enzyme 
system (Strorz and Hast- 

| INGS) 479 
Sulfur: Limulus hemocyanin, 


| distribution (Mazur) 631 

| T 

Thorium nitrate: Blood serum 
and urine ashing, use 
(STRAUSS) 331 

Tissue: Ash, dietary inorganic 
salts, relation ppricut and 


SMITH) H79 
Methemoglobin formation 
(BERNHEIM and MICHEL) 

743 


Tobacco: Mosaic virus protein, 
crystalline, absorption spec- 
trum, ultraviolet (LAVIN and 
STANLEY) 269 

_Tonometer: Blood equilibration 

(IrRvING and BLack) O37 

Triticum vulgare: Sce Wheat 

Trypsin: Chymo-,. substrates, 

synthetic (BERGMANN and 
FRUTON) 405 
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Subjects 813 


Tubercle _ bacillus: 
Strain H-37, polysaccharides 
(HEIDELBERGER and MEN- 


ZEL) 79 
Tumor: Phospholipid metab- 
olism (HAVEN) 111 


Tyrosine: 3,4-Dihydrophenyl- 
alanine-, mixtures, compo- 
nents, determination, colori- 
metric (ARNOW) 531 


U 


Umbilical cord: Polysaccharide 
acids, hydrolysis by pneu- 
mococcus autolytic enzyme 
(MEYER, Dusos, and 
SMYTH) 71 

Uric acid: Determination, photo- 
electric colorimeter (DILLER) 


161 

turbidity cause (DILLER) 
161 
Urine: Ashing, thorium nitrate 
use (STRAUSS) 331 
Guanidine-like substances, de- 
termination, colorimetric 


(ANDES and Myers) 137 


V 


Valeric acid: a-Hydroxy-n-, a- 
hydroxyisovaleric acid, con- 
figurational 


LEVENE) 503 
Vegetables: Vitamin C (Mack 
and TRESSLER) 735 
Virus: Tobacco mosaic protein, 
crystalline, absorption spec- 


Human, | 


relationship 
(BARTLETT, KuwNaA, and | 


trum, ultraviolet (Lavin and 
STANLEY) 269 
Vitamin: B. complex, fractiona- 
tion (HALLIDAY and Evans) 


255 
C, vegetables (Mack and 
'TRESSLER) 735 


—. See also Ascorbic acid 
D storage, tissues (HEYMANN) 
371 
Vitreous humor: Polysaccharide 
acids, hydrolysis by pneu- 
mococcus autolytic enzyme 
(MEYER, DuBos, and 
SMYTH) 71 


WwW 


Water: Blood and muscle, ex- 
change, dehydration effect 
(EICHELBERGER and Hast- 
INGS) 205 

—- —- —, —, respiratory alka- 
losis and _ acidosis, effect 
(EICHELBERGER and Hast- 
INGS) 197 

Wax: -Like constituents, grape- 
fruit peel oil (MARKLEY, 
NELSON, and SHERMAN) 

433 

Wheat: Amino acids (CsonKa) 

147 
Y 


Yeast: Extract, hexosemono- 
phosphate from (SMYTHE) 

619 

Maltose fermentation, activa- 

tors (BLisH and SANDSTEDT) 

765 
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